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This thesis focusses on the frequently co-occurring neurodevelopmental disorders attention-
deficit/hyperactivity disorder (ADHD), autism spectrum disorder (ASD), obsessive-compulsive 
disorder (OCD), and Tourette syndrome (TS). Neurodevelopmental disorders are disorders 
that have their onset in childhood, a period marked by vast changes in brain structure and 
function. The behavioural symptoms defining these disorders are thought to result from 
altered neurobiological development early in life. 
In this general introduction, I will give an overview of what we know about the neuro-
developmental disorders studied here, their phenomenological overlap in terms of impulsivity 
and compulsivity, and the associated risk of the development of substance use disorder (SUD) 
later in life. Furthermore, I discuss the current knowledge of the underlying neurobiology, 
drawn from the neuroimaging literature. Herein, I aim to highlight the potential overlap 
between the disorders regarding atypical structure and function of the frontostriatal brain 
circuits. To conclude, I will give an outline of the empirical chapters of this thesis. Considering 
the broad scope, these chapters are not all interlinked but instead zoom in on different 
subareas of the field as touched upon in the general introduction.
Neurodevelopmental disorders
Autism spectrum disorder (ASD)
ASD is characterized by difficulties in social communication and interactions and by the 
presence of restricted, repetitive patterns of behaviour, interests, or activities, and sensory 
abnormalities. More specifically, the latter domain comprises (American Psychiatric 
Association 2013):
•  Stereotyped or repetitive motor movements, use of objects, or speech.
•  Insistence on sameness, inflexible adherence to routines, or ritualized patterns of 
verbal or nonverbal behaviour.
•  Highly restricted, fixated interests that are abnormal in intensity or focus.
•  Hyper- or hypo-reactivity to sensory input or unusual interest in sensory aspects of the 
environment.
Recent large-scale surveys have indicated a prevalence of ASD of 1 to 2%, with a higher 
prevalence in males compared to females (Lai et al. 2014). Symptoms of ASD can be 
recognized from very early on and diagnosis now frequently takes place in children as 
young as 3 or 4 years old. ASD is a disorder with lifetime persistence, often accompanied 
by intellectual disability, atypical language development, and/or motor abnormalities. 
Other frequently co-occurring conditions include neurodevelopmental disorders such as 
ADHD, tic disorders, and OCD, and problems with anxiety, mood, and disruptive behaviour 
(Lai et al.  2014).
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Obsessive-compulsive disorder (OCD)
Diagnostic criteria for OCD include the presence of obsessions, compulsions or both. 
Obsessions are defined as recurrent and persistent thoughts, urges, or impulses that 
are experienced, at some time during the disturbance, as intrusive and unwanted, and 
that in most individuals cause marked anxiety or distress. Compulsions are repetitive 
behaviours (e.g. hand washing) or mental acts (e.g. counting) that the individual feels 
driven to perform in response to an obsession or according to rules that must be applied 
rigidly (American Psychiatric Association 2013). Compulsions are often performed to 
neutralize the obsessions, but they are usually not logically linked to what they are meant 
to neutralize (e.g. counting to prevent a catastrophic event) or are clearly excessive (e.g. 
frequent hand washing to neutralize fear of contamination). Lifetime prevalence of OCD 
is estimated at 1-3% (Valleni-Basile et al. 1994; Angst et al. 2004; Kessler et al. 2005; Ruscio 
et al. 2010). Evidence indicates that an early-onset (late childhood) form of OCD can be 
distinguished from a late-onset (young adulthood) form and that these forms may have 
a different aetiology. The early-onset form represents approximately three-quarters of 
cases, has a male preponderance, is more familial, and more associated with comorbid tics 
(Taylor 2011). Moreover, this form may be a more severe developmental subtype and have a 
poorer prognosis (do Rosario-Campos et al. 2001; Stewart et al. 2004; Taylor 2011). However, 
a meta-analysis on long-term outcomes of paediatric OCD concluded that the majority 
of participants did not meet full criteria for OCD at follow-up; the pooled mean rate of 
persistence was 41%. Around 90% of OCD cases manifest with comorbid disorders among 
which most commonly affective syndromes and tic disorders, but also other impulse-
control disorders, SUDs, and ASD (Nestadt et al. 2009; Ruscio et al. 2010; Meier et al. 2015).
Tourette syndrome (TS)
TS is a neurodevelopmental disorder defined by the presence of sudden, rapid, recurrent, 
non-rhythmic movements (motor tics; e.g. blinking) or vocalizations (vocal tics; e.g. 
grunting) (American Psychiatric Association 2013). Although tics are often performed in 
a stereotyped manner (Cohen et al. 2013), the adjective ‘stereotyped’ has been removed 
from the DSM-5 definition of a tic, to aid distinction between tics and motor stereotypies 
(Roessner et al. 2011). Factors that differentiate tics from other repetitive movements 
include the fact that the nature of the movements and their severity vary over time, 
that tics are often accompanied by premonitory urges, and that they can be temporarily 
suppressed (Cohen et al. 2013). A recent meta-analysis estimated the population 
prevalence of TS to be 0.3 to 0.9% in children (Scharf et al. 2015), and it is approximately 
three times more common in males (Cohen et al. 2013; Gunduz & Okun 2016). Tics generally 
emerge in early childhood and reach their peak severity just before puberty. Later 
during adolescence, tic severity typically diminishes and by adulthood over one-third of 
individuals with TS is tic free (Bloch & Leckman 2009). TS is considered a complex disorder 
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due to the large variety of clinical manifestations, the waxing and waning of symptoms, 
and the high prevalence of comorbidities (Gunduz & Okun 2016). The most common 
comorbid disorders are ADHD and OCD, which were found to be present in 72% of TS-
affected individuals in a large lifetime prevalence study (Hirschtritt et al. 2015).
Attention-deficit/hyperactivity disorder (ADHD)
ADHD is a common neurodevelopmental disorder with a high prevalence of 5 to 7% in 
children and adolescents, and of around 3% in adults. Like ASD and TS, it has a male 
preponderance (Willcutt 2012; Faraone et al. 2015; Moffitt et al. 2015). ADHD is characterized 
by symptoms in the domains of inattention and hyperactivity-impulsivity. Three subtypes 
are distinguished based on the relative severity in these two symptom domains: a 
predominantly inattentive presentation, a predominantly hyperactive-impulsive 
presentation, and a combined presentation (American Psychiatric Association 2013). As 
a further criterion for diagnosis, symptoms have to lead to substantial impairment in 
social, academic and/or occupational functioning. ADHD is seen as a childhood disorder, 
but in around two-thirds of cases some symptoms or impairments persist into adulthood 
(Faraone et al. 2015). Usually, the inattention symptoms are more persistent than the 
hyperactivity-impulsivity symptoms. In adolescence and young adulthood, ADHD is also 
associated with increased likelihood of substance use initiation and risk of developing 
SUDs (Lee et al. 2011; Groenman et al. 2013). Additionally, ADHD frequently co-occurs with 
other neurodevelopmental disorders such as ASD, tic disorders, intellectual disability, 
communication and specific learning or motor disorders, as well as with disruptive 
behaviour and mood and anxiety disorders (Faraone et al. 2015; Thapar & Cooper 2016).
Substance use disorder (SUD)
Neurodevelopmental disorders can form a risk factor for initiating substance use and 
developing SUD later in life. Irrespective of the particular substance, SUD is characterized 
by pharmacological indicators (tolerance and withdrawal symptoms), social impairment, 
risky use, and impaired control (American Psychiatric Association 2013). The overarching 
theme among these domains, with particular relevance to this thesis, is the strong 
urge to use the substance and the inability to inhibit this behaviour despite negative 
consequences (American Psychiatric Association 2013). 
•  Substances are used for longer periods or higher quantities than intended and attempts 
to quit are unsuccessful.
• Cravings are so strong that the individual cannot think of anything else.
•  Use is continued even while causing risks or harm to social functioning, or to the 
mental or physical state of the individual.
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The term ‘addiction’ can also be used here but may apply to other activities as well 
(behavioural addictions such as gambling, shopping or pornography viewing; Potenza, 
2014). The National Survey on Drug Use and Health conducted in the United States in 
2014 revealed a 12-month prevalence of SUDs other than alcohol of between 4 and 8% in 
adolescents and young adults (Peiper et al. 2016). 
SUD-risk in relation to neurodevelopmental disorders
The presence of ADHD has been found to increase the risk of developing SUDs, with a 
nearly three-fold increase specifically for nicotine dependence (Lee et al. 2011; Groenman 
et al. 2013). Evidence also suggests an increased incidence of SUDs in OCD patients. 
However, some inconsistencies exist and some data points towards a complex pattern of 
increased risk in individuals with subclinical OCD, but decreased risk in individuals with 
severe OCD (Cuzen et al. 2014; Toftdahl et al. 2016). Overlapping cognitive/neurobiological 
mechanisms in OCD and SUD have been proposed that may contribute to the observed 
comorbidity in subclinical OCD. Severe OCD, on the other hand, may be associated with a 
narrowed window of opportunity for the development of SUD because the patient is fully 
occupied with the current obsessions and compulsions (Cuzen et al. 2014). TS, independent 
of ADHD and OCD, was associated with a diminished risk of SUDs (Hirschtritt et al. 2015). 
A review on co-occurring SUDs in ASD indicated that the incidence was generally low 
(Arnevik & Helverschou 2016), but this was based on limited and ambiguous empirical 
data. In contrast, a recent study of Swedish population-based registers concluded that 
ASD was associated with a doubled risk of substance use-related problems, independent 
of comorbid ADHD or intellectual disability, and it further suggested familial liability 
(Butwicka et al. 2017). 
To summarize, high comorbidity rates are observed between the neurodevelopmental disorders 
discussed in this section. Moreover, ADHD forms a clear risk factor for the development of SUD 
later in life. For OCD and ASD, evidence for this risk is less conclusive, and TS was associated 
with a decreased risk. The next section addresses the phenomenological overlap between the 
disorders in terms of impulsivity and compulsivity. 
Impulsivity and compulsivity
Substantial heterogeneity exists in the clinical profiles of individuals with the same 
diagnostic label. ASD, for example, is diagnosed based on symptoms in the domain of social 
communication and interactions, and symptoms in the domain of restricted, repetitive 
patterns of behaviour, interests, or activities and sensory abnormalities. However, the 
exact set of symptoms and their severity varies greatly across individuals, and clinical 
profiles are further complicated by comorbidities and developmental stage. Moreover, 
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it is generally accepted that different symptom domains within the same disorder may 
have distinct neural substrates. Because of this within disorder heterogeneity, it proves 
to be challenging to identify specific neurobiological mechanisms underlying specific 
psychiatric disorders, as defined by their diagnostic labels.
On the other hand, the reliance on diagnostic labels creates artificial boundaries between 
disorders that show a substantial overlap in symptom presentation, evidenced by the high 
comorbidity rates among the neurodevelopmental disorders as described above. These 
boundaries may not be clearly present at the neurobiological level and hinder the discovery 
of (neurobiological) mechanisms that disorders might have in common. Therefore, 
a cross-disorder approach has been increasingly advocated in psychiatric research. 
Such an approach has been formulated formally in the NIMH Research Domain Criteria 
(RDoC) initiative, which aims to “identify the fundamental behavioural components that 
may span multiple disorders and that are more amenable to neuroscience approaches” 
(Cuthbert & Insel 2013). 
Concepts that have been highlighted as relevant in characterizing behaviour across 
different disorders, and that are of particular relevance to the disorders described in 
this thesis, include impulsivity and compulsivity. Impulsivity is commonly defined as “a 
predisposition toward rapid, unplanned reactions to internal or external stimuli without 
regard to the negative consequences of these reactions to the impulsive individual or to 
others” (Moeller et al. 2001). Compulsivity, on the other hand, represents “the performance 
of repetitive and functionally impairing overt or covert behaviour without adaptive 
function, performed in a habitual or stereotyped fashion, either according to rigid rules 
or as a means of avoiding perceived negative consequences” (Fineberg et al. 2014). A 
recent factor analysis in non-treatment-seeking young adults suggested impulsivity 
and compulsivity to be distinct, but positively correlated, latent traits of behaviour 
(Chamberlain et al. 2018). This contradicts the historical notion that the traits might 
represent opposite ends of a spectrum (Fineberg et al. 2014). Furthermore, it indicates 
that they cannot both be explained by a single underlying factor of ‘disinhibition’ as was 
proposed previously (Chamberlain et al. 2005). Nevertheless, disinhibition may still play a 
role in the overlap between impulsivity and compulsivity. 
As it is one of the defining domains of this disorder, impulsivity is most clearly linked 
to ADHD. Yet, ADHD comorbidity and more specifically, elevated impulsivity levels, were 
found to be present in those with TS (Hirschtritt et al. 2015; Morand-Beaulieu et al. 2017), 
those with ASD (Stevens et al. 2016; McClain et al. 2017), and those with OCD (Ruscio et 
al. 2010; Prochazkova et al. 2017). In OCD, patients with both heightened impulsivity 
and compulsivity have been found to represent the most clinically severe subgroup 
(Prochazkova et al. 2017). Impulsivity is also found as a trait in the general population and 
it has been posited that ADHD represents the extreme end of a continuum of this trait 
(Asherson & Trzaskowski 2015).
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Increased impulsivity is thought to be a predisposing factor for the development 
of compulsive drug-taking (Robbins et al. 2012), as reflected in the increased risk of 
individuals with ADHD for developing SUDs (Lee et al. 2011; Groenman et al. 2013). Evidently, 
compulsivity is a central characteristic of SUDs, where drug use is continued despite 
negative consequences for the individual’s health, social and professional life (Robbins et 
al. 2012). Similarly, OCD is marked by urges to perform repetitive, self-defeating behaviours 
and diminished control over these urges and behaviours (Denys 2011; Robbins et al. 2012). 
Lastly, the restricted, repetitive patterns of behaviour, interests or activities seen in ASD 
and the tics seen in TS can also be described as compulsive behaviours, and show strong 
parallels with the behaviours seen in OCD (Langen et al. 2011; Robbins et al. 2012; Carlisi et 
al. 2016). A simplified schematic of the proposed overlap between the disorders and the 
dimensions of impulsivity and compulsivity is depicted in Figure 1.
The fact that ADHD, ASD, OCD, TS, and SUD have considerable phenomenological overlap 
in the domains of impulsivity and compulsivity suggests that further investigation into a 
potentially common aetiology is warranted. This requires an integration of existing literature 
SUD	
ADHD	
TS	
OCD	
ASD	
impulsivity	
compulsivity	
ADHD +	
ASD =/+	
OCD +/-	
TS –	
figure 1  Simplified schematic of the phenomenological overlap between the disorders 
in this thesis. Note that the proposed overlapping dimensions of impulsivity and compul-
sivity are not representing opposite ends of a spectrum but rather distinct dimensions that 
are positively correlated. Further note that the hypothesized increased or decreased risk of 
the development of SUD is for most disorders based on limited evidence (except for ADHD). 
Abbreviations: ADHD – attention-deficit/hyperactivity disorder, ASD – autism spectrum 
disorder, OCD – obsessive-compulsive disorder, SUD – substance use disorder, TS – Tourette 
syndrome.
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on the neurobiological, behavioural, cognitive, genetic, environmental, and experiential 
factors associated with the separate disorders (RDoC; Cuthbert & Insel, 2013). In addition, 
it requires further research to be conducted on the neurobiological underpinnings of 
comorbidity and on the fruitfulness of applying cross-disorder constructs such as impulsivity 
and compulsivity. The next section addresses the current state of the literature regarding the 
neurobiology underlying the disorders studied in this thesis.
Neurobiology of impulsive and compulsive syndromes
Shared aetiology 
The disorders discussed in this thesis have all been shown to have a substantial heritable 
component, with genetic factors contributing to their aetiology (for reviews see: Lai et al. 
2014; Pauls et al. 2014; Faraone et al. 2015; Dick 2016; Robertson et al. 2017). Additionally, 
these disorders often seem to cluster together in families, indicating that there may be 
genetic underpinnings that the disorders have in common. However, familial overlap 
could also be due to shared environment. Below, I discuss evidence (per disorder pair) for a 
shared familial risk and genetic overlap more specifically. 
Genetic overlap has been reported of ASD with ADHD and tic disorder (including TS) 
(Lichtenstein et al. 2010; Rommelse et al. 2010), and between TS and OCD (Davis et al. 2013; 
Hirschtritt et al. 2015; Yu et al. 2015; Zilhão et al. 2016). However, despite familial overlap, 
there is less conclusive evidence of a genetic link between ADHD and OCD (Mathews & 
Grados 2011; Brem et al. 2014; Abramovitch et al. 2015; Hirschtritt et al. 2015; Ritter et al. 
2017), and between ADHD and TS (Stewart et al. 2006; Mathews & Grados 2011; Hirschtritt 
et al. 2015). A shared familial risk between ASD and OCD is suggestive of shared aetiological 
factors, but the contribution of genetics has not been examined (Meier et al. 2015), and the 
same is the case for the overlap between ASD and problems with substance use (Butwicka 
et al. 2017). The overlap between substance use and ADHD, however, appears to be at 
least partly due to shared genetic underpinnings (Carpentier et al. 2013; Derks et al. 2014; 
Skoglund et al. 2015). In sum, there is substantial evidence of shared aetiological factors 
between the neurodevelopmental disorders discussed in this thesis, with the strongest 
support for genetic links between TS and OCD, and between ADHD and ASD.
Frontostriatal circuits
Impulsive and compulsive/repetitive behaviours are thought to arise from imbalances 
within and between partly segregated, parallel circuits centring on the striatum (Fineberg 
et al. 2010; Langen et al. 2011; Robbins et al. 2012; van den Heuvel et al. 2016). Functional 
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and anatomical data from animals and humans suggest that information flows via these 
circuits, incorporating emotional/motivational, cognitive, and motor information, and 
their integrative functioning promotes the flexible initiation and inhibition of behaviour 
(Alexander et al. 1986; Haber 2003; Di Martino et al. 2008; Draganski et al. 2008). Common 
dysfunction in these circuits may account for similarities in symptom presentation and 
comorbidity across the neurodevelopmental disorders, as outlined in the preceding 
paragraph.
Three main circuits are commonly distinguished (see Figure 2), linking specific striatal 
areas to specific cortical areas, mainly in the frontal lobe (corticostriatal or frontostriatal 
circuits). The limbic circuit comprises the nucleus accumbens (also referred to as ventral 
striatum) with its connections to the orbitofrontal cortex (OFC) and anterior cingulate 
cortex (ACC). This circuit is critically involved in reward, reinforcement, and motivational 
figure 2  Simplified schematic of the three main cortico-striatal-thalamo-cortical cir-
cuits. Adapted from Krack et al. (2010). a) Sensorimotor circuit, with projections between 
sensorimotor cortex and (posterolateral) putamen. b) Cognitive circuit, comprising cau-
date nucleus, the anteromedial portion of the putamen, and dorsolateral prefrontal and 
lateral orbitofrontal cortices. c) Limbic circuit, involving the ventral portion of the caudate 
and putamen (ventral striatum/nucleus accumbens), anterior cingulate cortex, orbitofron-
tal cortex, and further connections with limbic structures such as the hippocampus and 
amygdala. Abbreviations: Cn – caudate nucleus, GPe – globus pallidus pars externa, GPi – 
globus pallidus pars interna, Put - putamen, STN – sub-thalamic nucleus. 
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processes (Haber & Knutson 2010). The cognitive circuit, on the other hand, connects the 
caudate nucleus with prefrontal areas and is responsible for more cognitive functions 
such as working memory, planning and response inhibition (van den Heuvel et al. 2016). 
Finally, the sensorimotor circuit between the putamen and sensorimotor cortical regions 
subserves motor learning and performance (Leisman et al. 2012). 
The frontostriatal circuits extend further to the globus pallidus and thalamus, where 
their projections are converging, and then loop back to the cortex (see Figure 2). The full 
networks are called cortico-striato-thalamo-cortical circuits (CSTC circuits) and consist 
of direct and indirect pathways. In the direct pathways, signalling of the striatum via 
the internal segment of the globus pallidus results in disinhibition of the thalamus and 
increased motor output and cortical excitation. In the indirect pathways, signalling 
occurs via the external segment of the globus pallidus and subthalamic nucleus, in 
turn influencing the internal segment. The indirect pathway acts as a brake on thalamic 
output, thereby inhibiting motor output and cortical excitation.
Imbalances in the aforementioned circuitry, leading to a lack of control over behavioural 
output, are thought to underlie various forms of impulsive and compulsive/repetitive 
behaviour in psychiatric disorders such as OCD, ASD, TS, ADHD, and SUDs (Langen et al. 
2011; Leisman et al. 2012; Robbins et al. 2012; van den Heuvel et al. 2016).
Neurotransmitter systems
Information transfer within the frontostriatal circuitry is modulated by different 
neurotransmitter systems including dopamine, serotonin, glutamate, and gamma-
aminobutyric acid (GABA) (Paschou et al. 2013). These neurotransmitter systems have all 
been implicated in impulsive and compulsive syndromes to various degrees.
Dopamine, in particular, is a particularly strong candidate in explaining the similarities in 
impulsive and compulsive symptoms across all the disorders. Dopamine in the striatum 
has been associated with SUD, OCD, TS and ADHD, and to a lesser extent with ASD. In SUD, 
drugs of abuse mostly exert their reinforcing effects through activation of the mesolimbic 
dopamine system. These effects may in turn cause alterations in the responsiveness of 
this system leading to altered reward sensitivity and motivational states and ultimately 
to compulsive drug-seeking and consumption (Figee et al. 2016). Some evidence suggests 
parallels between OCD and SUD in terms of altered reward sensitivity and dopaminergic 
involvement within the (mainly limbic) frontostriatal circuitry (Figee et al. 2014, 2016). 
Dopaminergic dysfunction has also been a key focus of research on TS and ADHD, 
originally driven by the fact that the most effective pharmacotherapies (risperidone and 
methylphenidate respectively) for these conditions have primary (although opposite) 
effects on the dopamine system. However, the precise nature of this neurochemical 
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dysfunction in ADHD and TS remains elusive and proves to be far more complex than 
simply a hypo- or hyperdopaminergic state (Buse et al. 2013). In both disorders dopamine 
modulates the expression of symptoms, but whether it is at the root of the disorders 
remains to be seen. Dopaminergic disturbances seem to play a less prominent role in ASD, 
although some findings point to a role for dopamine in the symptom domain of repetitive 
behaviour (Barnard et al. 2002; Staal 2015).  
In chapter 4, we probe reward processing in the limbic circuit, which is thought to depend 
on dopamine signalling. The aim of this chapter is to investigate shared and unique reward 
processing abnormalities in children with TS with and without comorbid ADHD, and ‘primary’ 
ADHD. 
 
box 1  Magnetic Resonance Imaging
The majority of studies on the structure and functioning of the human brain have 
relied on a technique called Magnetic Resonance Imaging (MRI). Using MRI, images of 
the living brain can be acquired non-invasively, with relatively high spatial resolution. 
The principle behind MRI capitalizes on the sensitivity of protons in the nuclei of 
hydrogen atoms to (changes in) magnetic fields. The body consists for ~70% out of 
hydrogen atoms and the density of these atoms can be measured by an MRI-scanner. 
A static magnetic field in the MRI-scanner draws the nucleus of each hydrogen atom 
towards it, into alignment (low energy state/spin up). Subsequently, the energy 
of the hydrogen nuclei is heightened into a ‘spin down’ state by a radio frequency 
coil producing a rapidly changing magnetic field in the resonance frequency of the 
nuclei. Gradient coils modulate the strength of the static magnetic field according 
to a certain axis. The strength of the static magnetic field changes the resonance 
frequency of the nuclei allowing a specific body part (for example one slice of the 
brain) to be selected to be scanned at a specific time. Once the emission of the radio 
frequency energy is stopped, the nuclei start falling back into their original aligned 
state whilst releasing the energy they absorbed. These released waves of energy 
(the MR signal) are then received by receiver coils that transfer them into electrical 
currents that are processed by a computer.
Structural MRI
Since the MR signal varies according to tissue type, this signal can be used to 
distinguish between, for example, grey and white matter in the brain. From this 
information, structural MRI (sMRI) applications make inferences about the brain’s 
anatomy. Commonly derived structural metrics include regional or whole-brain grey 
and/or white matter volumes, grey matter integrity investigated with voxel-based 
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morphometry (Ashburner & Friston 2000), cortical thickness, and surface area. There 
is also a technique to estimate certain properties of white matter bundles in the 
brain, called Diffusion Tensor Imaging (DTI). However, discussion of this technique 
and related findings is considered beyond the scope of this thesis.
Task-based fMRI & BOLD
It is generally accepted that when neuronal activity in a brain area increases, this 
causes a compensatory increase in blood flow to this area, supplying it with a surplus 
of oxygenated blood. Functional MRI (fMRI) capitalizes on this principle by measuring 
the change in oxygenation (blood oxygenation dependent, or BOLD signal) and using 
it as a proxy for neuronal activity (Ogawa et al. 1990). 
More specifically, the BOLD response relies on the difference in magnetic properties of 
oxyhaemoglobin (haemoglobin with oxygen) and deoxyhaemoglobin (haemoglobin 
without oxygen) in the blood. Oxyhaemoglobin does not influence the local magnetic 
field, whereas deoxyhaemoglobin disturbs it and reduces the BOLD signal. Since the 
relative amount of deoxyhaemoglobin decreases when neurons in an area are more 
active, the net result is a rise in the BOLD response in the active area.
The brain is always active to maintain basic functions (baseline of ongoing activity), 
and on top of that, performing a cognitive task results in an increase in neuronal 
activity in certain regions (task or stimulus-dependent activity) (Huettel et al. 
2004). Studies using task-based fMRI usually contrast between two experimental 
conditions or between an experimental condition and baseline, to infer the regions 
with relatively higher activity in relation to the cognitive construct of interest.
Resting state fMRI & functional connectivity
In contrast to task-based fMRI, resting state fMRI (R-fMRI) captures the BOLD signal 
while the participant is ‘resting’, i.e. not performing a particular cognitive task. Since 
it requires minimal effort from the participants, it is an attractive method to use, 
particularly in children and clinical populations. Resting state analysis focusses on 
spontaneous fluctuations in BOLD signal. Correlations between the spontaneous 
activity of different brain regions can be computed and when the activity is correlated 
or temporally synchronized this is assumed to reflect that the regions share 
information and are part of the same functional brain network (Beckmann et al. 
2005). This metric is called ‘functional connectivity’.
Seed-based approaches to functional connectivity (Biswal et al. 1995) have been used 
extensively.  Here, a timeseries of the BOLD signal is extracted from a region or volume 
of interest in the brain, the so-called seed. Then the seed’s timeseries is correlated 
with that of another seed region (seed-to-seed analysis) or entered into a General 
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Linear Model (GLM) as a regressor. Within the context of the GLM, the covariance of 
the seed’s timeseries with that of each voxel in the brain can be estimated (voxel-
wise). The resulting whole-brain connectivity maps are statistically thresholded, 
revealing a network of regions that are functionally connected to the seed. Since 
seeds have to be defined a priori, the nature of this approach is hypothesis-driven. 
This makes the interpretation of results also relatively straightforward. The analysis 
reveals those regions that have strong positive or negative connectivity with the 
seed, and it can answer the question if the connectivity of that particular seed is 
different in for example patients compared to controls. Seed placement can, however, 
be a limitation; a selected region may not correspond to a specific functional node 
but actually consist of functionally distinct subdivisions. This can induce signal 
overlap, hampering the detection of specific functional connections. Furthermore, 
the selection of a limited number of seeds means that other regions and networks are 
left unexplored and important effects may remain undetected.
For this reason, interest has shifted over recent years towards data-driven methods 
based on Independent Component Analysis (ICA; Beckmann & Smith 2004; Beckmann 
et al. 2005). Using these methods, resting state functional networks of ‘connected’ 
regions can be identified, which bear a close resemblance to task-based networks 
(Smith et al. 2009); these consist of regions that are typically co-activated during the 
performance of a certain task. In this manner, the investigation shifts from localized 
regions of interest (seeds) to whole functional networks. Nevertheless, when based 
on a priori hypotheses seed-based approaches can represent a valuable first step in 
the analysis of R-fMRI data.
Structural MRI studies of frontostriatal circuits 
It is assumed that differences in the gross anatomy of the frontostriatal circuits could 
underlie symptoms of neurodevelopmental disorders and SUDs (although they could also 
represent compensatory changes). Structural magnetic resonance imaging (MRI; see Box 
1) has been the main method of assessing human brain anatomy in vivo. A meta-analysis 
of voxel-based morphometry studies summarized that both youth and adults with OCD 
showed increased grey matter in striatal regions and decreased grey matter in prefrontal 
regions (Hu et al. 2017). However, a recent meta- and mega-analysis pooling subcortical 
volumetric data of OCD patients did not confirm the striatal findings and highlighted 
differences between paediatric and adult OCD. Adult patients had larger volumes of the 
globus pallidus, whereas unmedicated youth with OCD had larger thalamic volumes than 
healthy controls (Boedhoe et al. 2017). In ASD, a mega-analysis has also been performed 
recently. In this study, individuals with ASD displayed smaller volumes of globus pallidus, 
putamen and nucleus accumbens. Additionally, they showed increased frontal cortical 
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thickness and overall altered development of cortical thickness (van Rooij et al. 2018). The 
most consistent structural finding is that of increased total cortical volume in children 
with ASD (Li et al. 2017; van Rooij et al. 2018). Repetitive behaviours in ASD have specifically 
been found to be associated with caudate volumes although in different directions 
(Lenroot & Yeung 2013). Within children with ADHD, the latest mega-analysis on subcortical 
volumes revealed smaller volumes of nucleus accumbens, caudate, putamen and smaller 
intracranial volumes (Hoogman et al. 2017). Some longitudinal studies furthermore 
indicate a delay in development of the prefrontal cortex in participants with ADHD (Shaw 
et al. 2007, 2012). In TS, multiple small studies have demonstrated volume reductions in the 
caudate (Church & Schlaggar 2014), but overall the evidence for abnormal striatal volumes 
is not convincing (Forde et al. 2017; Greene et al. 2017). Yet, a recent multicentre study with 
206 participants found greater grey matter volume in posterior thalamus (Greene et al. 
2017). A few studies have further reported overall brain volume decreases in children with 
TS as well as decreased volumes and thinner cortices of frontal and motor cortical areas 
(Church & Schlaggar 2014). 
The above suggests that increased striatal/basal ganglia volumes seem to be a specific 
marker for OCD, which is further supported by two recent comparative meta-analyses 
with ADHD and ASD (Carlisi et al. 2016; Norman et al. 2016). Abnormal caudate volumes 
could be an overlapping correlate of compulsivity/repetitive behaviour across disorders, 
although findings have been inconclusive. Potential commonalities are further suggested 
between OCD and TS in terms of greater thalamic volumes. Small reductions in volumes of 
putamen and nucleus accumbens have been summarized in both ASD and ADHD, whereas 
a distinction is seen in total brain volume (ASD: increased; ADHD: decreased) and prefrontal 
cortex development. Overall brain volume decreases could be overlapping between TS and 
ADHD, and decreased frontal grey matter also with OCD. It has been proposed that grey 
matter reductions in certain frontal areas may be a shared marker of several psychiatric 
disorders that are characterized by problems with executive functioning/cognitive control 
(Goodkind et al. 2015), and it has also commonly been observed in SUDs such as smoking 
(Silveri et al. 2016). However, whether it is a predisposing factor for substance use, a result 
of it, or both, remains to be elucidated.
ADHD forms an established risk factor for tobacco smoking, and smoking and ADHD have both 
been associated with reduced frontal grey matter volumes. In the longitudinal investigation 
in chapter 3, we zoom in on the relationships between frontal grey matter structure, ADHD 
symptoms, and smoking. 
Task-based fMRI studies of frontostriatal circuits
The disorders covered in this thesis are typically viewed as complex multisystem 
disorders in which several cognitive domains and neural networks are affected. Yet, two 
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domains are thought to be particularly relevant for impulsivity and compulsivity, namely 
cognitive/inhibitory control and reward processing (Robbins et al. 2012). These domains 
have been theorized to reflect diminished control over behaviour and altered motivational 
drive respectively. Task-based fMRI (see Box 1), commonly used to probe these domains, 
has revealed that reward processing is mainly (but not exclusively) associated with 
activations in the limbic circuit (e.g. Haber & Knutson 2010) and inhibitory control with 
the sensorimotor circuit (e.g. Simmonds et al. 2008). 
ASD
In ASD, the symptoms of compulsivity/repetitive behaviour have been linked to altered 
frontostriatal functioning during tasks of cognitive control. Findings have converged mainly 
on the inferior and middle frontal gyri, ACC, dorsolateral prefrontal cortex, and basal ganglia. 
However, both hypo- and hyperactivations have been reported (Dichter 2012; Philip et al. 
2012). Of particular relevance in the comparison with the other disorders of this thesis is 
the result that individuals with ASD display diminished activity of the nucleus accumbens 
during the anticipation of monetary rewards (Dichter et al. 2012a, 2012b; Kohls et al. 2013).
OCD
In OCD, a substantial body of work converges on hyperactivation within the orbito-
frontostriatal circuitry. More specifically, the OFC, caudate nucleus, and thalamus 
show hyperactivation during symptom provocation, which is ameliorated by treatment 
(Frydman et al. 2016). Task fMRI studies support the involvement of these regions. 
However, it has been emphasized that abnormalities are also observed outside the 
orbitofrontostriatal pathway classically associated with OCD (Nakao et al. 2014). It has 
further been found that hyperactiviation occurs in the ACC, which has been proposed 
to reflect heightened error-monitoring (Diwadkar et al. 2015; Grützmann et al. 2016). 
Lastly, individuals with OCD demonstrated blunted activity of the nucleus accumbens 
during (monetary) reward anticipation and normalization of this activity by deep brain 
stimulation correlated with symptom improvement (Figee et al. 2011, 2013).
TS
In fMRI research on TS, naturalistic tic generation or suppression conditions are commonly 
used instead of real cognitive tasks. The frontostriatal regions most consistently 
showing altered activation during tic generation include the thalamus, right pallidum, 
right supplementary motor area, left middle frontal gyrus, right cingulum and rolandic 
operculum (Zapparoli et al. 2015). The thalamus and pre- and supplementary motor areas 
also displayed differential activity during response inhibition tasks and the activity 
in those areas correlated with disease severity (Baym et al. 2008; Zapparoli et al. 2015). 
It has been theorized that a hyperactive direct pathway with a disinhibited thalamus is 
ultimately responsible for the occurrence of tics (Baym et al. 2008). A recent meta-analysis 
confirmed the association of prefrontal, ACC, and motor preparation area activations with 
TS (Polyanska et al. 2017).
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ADHD
During tasks of executive functioning (inhibitory control, attention, timing and working 
memory), individuals with ADHD had different activation patterns in several fronto-
cingulo-striato-thalamic and fronto-parieto-cerebellar networks compared to controls 
(Rubia 2018). A more specific example is that individuals with ADHD displayed altered 
activations in the inferior frontal cortex – ACC – striato – thalamic network during 
conditions of inhibitory control (Rubia et al. 2014). In the domain of reward processing, 
a meta-analysis revealed relatively robust evidence for hypoactivation of the ventral 
striatum in ADHD during monetary reward anticipation (Plichta & Scheres 2014). 
SUD
In individuals addicted to drugs, relapse has been associated with heightened activation 
to drug-related cues and rewards, but diminished activation to non-drug-related cues 
and rewards, in multiple corticolimbic and corticostriatal brain regions (Luijten et al. 2017; 
Moeller & Paulus 2018). Notably, the activation of the ventral striatum during drug cue 
reactivity was consistently predictive of (treatment) outcomes. The medial prefrontal 
cortex/ACC was also among the key areas related to drug cue reactivity, self-reported 
craving and relapse risk (Kühn & Gallinat 2011; Moeller & Paulus 2018). Next to atypical 
cue and reward reactivity, there is relatively consistent evidence that addicted individuals 
demonstrate hypoactivation in the ACC, inferior frontal gyrus and dorsolateral prefrontal 
cortex during inhibitory control (Luijten et al. 2014).
Literature on comparisons
The literature on ASD, ADHD, and ADHD+ASD was compared by Rommelse et al. (2011) 
and they identified the frontostriatal circuits as one of the neural systems where 
shared abnormalities may be located. These shared abnormalities included lower 
neural activation during reward anticipation in the ventral striatum and possibly error-
monitoring deficits in the ACC. For ADHD and OCD, a meta-analytic comparison has 
been made of brain function during inhibitory control (Norman et al. 2016). No overlap 
in function was detected; instead basal ganglia function was reduced in ADHD and 
enhanced in OCD. Moreover, disorder-specific hypoactivation was seen in the dorsal 
ACC/medial prefrontal cortex in OCD and in the right ventrolateral prefrontal cortex in 
ADHD. A similar comparison has been made for OCD and ASD (Carlisi et al. 2016). Here, 
OCD patients showed disorder-specific hyperactivation of left basal ganglia and insula, 
whereas ASD patients showed reduced left dorsolateral-prefrontal activation. There was 
a common reduction of inhibition-related activation between the disorders in the rostral 
and dorsomedial prefrontal cortex including the ACC.
From this prior literature we can summarize areas of potential overlap between the disorders. 
Hyperactivation of the thalamus seems to be a shared characteristic of TS and OCD and may 
be responsible for the disinhibited motor sequences. Striatal hyperactivation may be similar 
between OCD during symptom provocation and SUDs in response to drug-related cues and 
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rewards. This hyperactivation might reflect a shared sensitivity for repetitive/compulsive 
behaviour, especially when confronted with relevant cues.
Alterations in the ACC may be present in all the disorders, although whether the direction of 
effects is shared, is not very clear. This phenotype could reflect impaired inhibitory control. 
In chapter 2 we investigate frontostriatal functional connectivity during inhibitory control 
in smokers relative to non-smokers. Here, we zoom in on subdivisions of the putamen 
(sensorimotor network) and potential connectivity with the ACC.
An additional commonality between disorders may be the lower neural activation in the 
ventral striatum during monetary reward anticipation, found to be present in ADHD, ASD, 
OCD, and in SUDs. This could mean that altered/lowered sensitivity to typical rewards may 
represent a shared characteristic of these disorders and could predispose towards drug use, 
perhaps in order to increase feelings of reward and/or as a form of self-medication. As neural 
reward processing has barely been investigated in TS, we examine this in chapter 4 using a 
monetary reward paradigm. The neural correlates of comorbid ADHD in TS are also addressed 
in this chapter and compared to ‘primary’ ADHD. 
Resting state fMRI studies of frontostriatal circuits
Because of the feasibility of using R-fMRI (see Box 1) in clinical groups and in children, 
an increasing number of studies has employed this method to delineate functional 
connectivity of frontostriatal regions in neurodevelopmental disorders and SUD.
ASD
In ASD, both enhanced and diminished functional connectivity has been found throughout 
the brain, and there is little consensus about the hallmark connectivity patterns. Overall, 
more diffuse and idiosyncratic patterns of connectivity have been proposed (Hahamy 
et al. 2015). From striatal seed regions, increased connectivity generally has been found 
relative to controls, with primary sensory networks (Cerliani et al. 2015), with associative 
and limbic cortex (Di Martino et al. 2011), and with frontal regions such as the ACC, OFC 
and medial frontal gyrus (Delmonte et al. 2013). Notably, increased connectivity between 
the right caudate and the right medial frontal gyrus was related to more severe symptoms 
of restricted interests and repetitive behaviour (Delmonte et al. 2013). However, reduced 
connectivity between striatal and frontal regions has also been reported in relation to 
ASD, specifically between the right ventral striatum and right ACC, and between putamen 
areas and frontal areas (Padmanabhan et al. 2013). Discrepancies between findings have 
been argued to relate in part to the developmental stage (e.g. children vs. adults) under 
investigation, as the onset of puberty is associated with substantial changes in the brain 
(Uddin et al. 2013).
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OCD
In OCD, various regions and circuits have been reported to show different connectivity 
patterns, making it difficult to pinpoint a core abnormality. Yet, an accumulating body 
of R-fMRI work points to a role for ACC functional hyperconnectivity, which has been 
theorized to be responsible for an exaggerated need for checking and heightened error 
perception. Also the striatum and the OFC have been implicated, and the latter has been 
theorized to be related to the diminished control over behaviour (Leon et al. 2014; Vaghi et 
al. 2017). 
TS
Widespread alterations in R-fMRI measures have also been described for TS (Cui et al. 
2014; Liu et al. 2017; Wen et al. 2017). According to some interpretations, individuals with 
TS generally show immature patterns of connectivity (Church et al. 2009; Worbe et al. 
2012). Premonitory urges in TS have been related to stronger connectivity of anterior insula 
with the sensorimotor cortex and frontostriatal regions (Tinaz et al. 2014, 2015). Clinical 
symptoms correlated with abnormalities in the ACC (Liao et al. 2017) and globus pallidus 
interna (Ji et al. 2016). In addition, the occurrence of tics during resting state was found to 
follow a temporal pattern of activation throughout the CSTC circuits where spontaneous 
activity of cortical premotor structures preceded that of subcortical structures (Neuner et 
al. 2014).
ADHD
Although R-fMRI studies have underscored the heterogeneity of neurobiological altera-
tions associated with ADHD (Posner et al. 2014), the recent literature converges on 
a number of main hypotheses (Castellanos & Aoki 2016). First, there is evidence for 
atypical interplay between large-scale networks including the default mode network, 
frontoparietal, and attention networks (ventral, dorsal, and salience); and within the 
default mode network. Furthermore, reward-related networks (OFC, ventral prefrontal 
cortex, and ventral striatum) and limbic networks (amygdala) are thought to be involved. 
For all the networks mentioned, a delay in maturation or altered development has been 
proposed.
SUD
The number of R-fMRI studies performed in relation to SUDs is relatively low (Silveri et 
al. 2016). Moreover, a complication of studies on SUDs is that one has to distinguish 
between effects predisposing individuals towards substance use and effects associated 
with the neurochemical effects of different substances and with dependence. Due to the 
lack of longitudinal studies, it is hard to determine whether neurobiological signatures 
are cause or consequence of drug use. Atypical R-fMRI patterns have been shown in 
frontostriatal circuitry, although the direction of effects has been inconsistent and may 
relate to different stages of substance use (Pariyadath et al. 2016). The authors propose 
that frontostriatal connectivity abnormalities in SUDs relate to impulsivity and/or 
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compulsivity and as such are involved in the transition from initiation to compulsive 
drug use. Notably, striatal connectivity patterns were found to be predictive of relapse 
(Pariyadath et al. 2016).
From the above it is clear that in all disorders mentioned, altered connectivity is seen in various 
regions and networks and in various directions (increased or decreased). Interestingly, a delay 
in maturation of connectivity patterns has been proposed for both ADHD and TS and is also a 
hypothesis in ASD. Abnormalities in frontostriatal areas have been observed in all disorders, 
most notably in regions of the limbic circuit, which is crucial for reward, reinforcement, and 
motivational processes. As there is scarce literature directly comparing striatal resting state 
functional connectivity between disorders, we set out to do this in chapter 5, focussing on 
children with ASD, OCD, and healthy controls. In this chapter we additionally assess potential 
cross-disorder neural correlates of compulsivity/repetitive behaviour.
Aims and outline
In this introduction, I have summarized and integrated the existing (neuroimaging) 
literature on the neurobiological factors associated with the disorders ADHD, TS, ASD, 
OCD, and SUD. Common imbalances in the frontostriatal circuits may account for the 
comorbidity among these disorders and the similarities in the presentation of impulsive 
and compulsive/repetitive behaviours. The goal of the first two empirical chapters (2 
and 3) was to delineate the frontostriatal neural correlates of SUD (smoking) and the 
relationships with impulsivity and ADHD. In the following two chapters, the goal was 
to directly compare frontostriatal correlates of closely associated neurodevelopmental 
disorders within the same design and setting (ADHD and TS in chapter 4; ASD and OCD in 
chapter 5). This approach contrasts with the majority of studies conducted so far, which 
examined a single disorder relative to healthy controls. Our approach allows us to assess 
shared and unique correlates of the disorders more directly, without interpretation being 
hindered by methodological differences. Moreover, in our studies we applied, next to the 
classical diagnostic classifications, more dimensional and cross-disorder constructs of 
impulsivity and compulsivity, which is in accordance with the recently advocated RDoC 
approach. In chapter 6, I will integrate the findings of the empirical chapters with the 
existing literature and provide a current state of the field. An outline of the individual 
chapters is given below.
In chapter 2 smoking was used as a proxy for SUD, but it must be noted that the smokers 
did not necessarily meet full diagnostic criteria for SUD. In this study, we compared 
smokers with non-smokers on (seed-based) functional connectivity of the anterior 
versus posterior putamen (sensorimotor circuit) during response inhibition. We expected 
that smokers would exhibit decreased functional connectivity between the anterior 
putamen and frontal areas such as the ACC, reflecting a relatively weak ‘goal-directed 
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control’ network. Additionally, smokers were hypothesized to show stronger connectivity 
between the posterior putamen and sensorimotor areas during inhibition, reflecting more 
interference of the ‘habit network’ during this condition in comparison to non-smokers. 
Dimensional associations of functional connectivity with trait impulsivity were also 
explored. 
The objective of the longitudinal investigation in chapter 3 was to disentangle cause and 
consequence in the relationships between smoking, frontal cortical thickness and ADHD 
symptoms. Decreased frontal cortical thickness could be a shared predisposing factor of 
individuals with ADHD and smokers and may reflect immature cognitive control abilities. 
Alternatively, thinner frontal grey matter in smokers could represent a consequence of 
tobacco exposure. We compared adolescent and young adult smokers and non-smokers 
on frontal cortical thickness at two time points, taking into account ADHD symptoms. 
Structural MRI data was used from the NeuroIMAGE cohort, including participants 
(smokers and non-smokers) with ADHD, their siblings, and healthy controls (see Box 2).
Chapter 4 focusses on the highly comorbid disorders ADHD and TS. Here, we describe an 
fMRI study assessing neural activation of basal ganglia and thalamus during monetary 
reward anticipation and receipt. We aimed to increase understanding of the common and 
distinct neural underpinnings of these disorders by comparing children with ADHD, TS 
with comorbid ADHD, TS without comorbid ADHD, and healthy controls. Dimensional 
analyses based on ADHD severity were also employed, in order to increase sensitivity 
to detect neurobiological mechanisms that cross the boundaries of the categorical 
classifications. The sample consisted of participants from the COMPULS/TS-EUROTRAIN 
cohort (see Box 3).
In chapter 5 we investigated resting state functional connectivity of the frontostriatal 
circuits in youth with ASD and OCD, two neurodevelopmental disorders with considerable 
overlap in terms of their defining symptoms of compulsivity/repetitive behaviour. To 
identify shared and unique alterations in (seed-based) frontostriatal connectivity, we 
compared ASD, OCD and healthy control groups. In addition, we applied a cross-disorder 
approach to examine whether the dimension of repetitive behaviour has common neural 
substrates across ASD and OCD. Participants originated from the COMPULS cohort (see 
Box 3). 
Chapter 6 provides a general discussion to integrate the findings from the empirical 
studies performed in this thesis within the broader literature and context. In addition, 
I describe strengths and limitations of the current research, potential implications, and 
some directions for future work.
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box 2  NeuroIMAGE cohort
The NeuroIMAGE cohort consists of families with at least one individual with 
ADHD plus one sibling, and healthy control families. They first participated in the 
International Multicentre ADHD Genetics (IMAGE) study (2003-2005; Müller et al. 
2011), which focussed on genetic, diagnostic, behavioural, and neuropsychological 
data. During this initial wave, no imaging data was collected yet. The IMAGE study was 
followed by an intermediate follow-up on substance use (2008-2009; Groenman et al. 
2013). Subsequently, the Dutch part of the cohort was invited for a follow-up study 
including MRI, diagnostic, behavioural, neuropsychological, and genetic measures, 
the NeuroIMAGE study (2009-2012; von Rhein et al. 2015). At this point, the cohort 
included 331 ADHD-affected families and 153 control families, and the average age of 
the children was around 17 years. Measurements were collected at the VU Amsterdam 
and the Radboudumc Nijmegen. Recently, an additional follow-up including MRI 
measures was conducted at the Radboudumc Nijmegen, the NeuroIMAGE II study 
(2013-2015). Chapter 3 makes use of this longitudinal cohort. 
More information can be found on the website www.neuroimage.nl.
box 3  COMPULS/TS-EUROTRAIN cohort
Chapters 4 and 5 of this thesis make use of a sample originating from a collaboration 
between the COMPULS and TS-EUROTRAIN studies. COMPULS is a European multi-
centre study and part of a larger consortium focussing on the relationships between 
impulsive, compulsive, and addictive behaviours and their cognitive, genetic, and 
neural underpinnings (TACTICS). To allow for cross-disorder comparisons, a new co-
hort of youth with OCD, youth with ASD, and healthy controls was recruited across 4 
sites in Europe (Naaijen et al. 2016). Additionally, our site at the Radboudumc Nijme-
gen collected data from children with ADHD and children with TS, as part of the col-
laboration with TS-EUROTRAIN. TS-EUROTRIAN is a European-wide investigation and 
training network on the aetiology and pathophysiology of TS (Forde et al. 2016). For all 
groups (ADHD, TS, OCD, ASD, healthy controls) the same protocol was used to obtain 
MRI, MRS, diagnostic, behavioural, neuropsychological, and genetic measures. De-
tails on the measures can be found in Naaijen et al. (2016).
More information can be found on the websites www.tactics-project.eu and 
ts-eurotrain.eu.
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Abstract
The putamen has been shown to play a key role in inhibitory control and addiction 
and consists of distinct subregions associated with distinct functions. The anterior 
putamen is thought to be specialized in goal-directed control or response-monitoring 
in connection with frontal regions, whereas the posterior part is specialized in habitual 
or automatic responding in connection with sensorimotor regions. The present study 
is the first to delineate functional networks of the anterior and posterior putamen in 
a Go-NoGo response inhibition task, and to examine differences between smokers 
(n = 25) and non-smokers (n = 23) within these networks. Functional connectivity 
analyses were conducted on fMRI data from a Go-NoGo study, using the generalized 
form of psychophysiological interaction with anterior and posterior putamen seed 
regions. In the context of inhibition, the anterior putamen exhibited connectivity 
with the anterior cingulate cortex (ACC) and precuneus (p
FWE 
< .05), which was in line 
with previous literature. Conversely, the posterior putamen showed connectivity with 
regions implicated in sensorimotor processing. When we compared smokers to non-
smokers, we did not observe the expected weaker connectivity between the anterior 
putamen and ACC during inhibition in smokers. Instead, our study revealed stronger 
inhibition-related connectivity between the anterior putamen and right insula in 
smokers. This finding highlights the involvement of putamen – insula interactions in 
addiction and impulse control.
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Introduction
Many smokers continue smoking despite their awareness of negative consequences and 
quit attempts often fail (Borland et al. 2012). These problems have been linked to deficits 
in inhibitory control, as smokers often show impaired performance on response inhibition 
tasks (Smith et al. 2014). Examples of such tasks are the ‘Stop Signal’ and ‘Go-NoGo’ tasks, 
where participants attempt to inhibit their automatic motor response to certain stimuli 
(Dalley et al. 2011). Several functional magnetic resonance imaging (fMRI) studies have 
investigated brain activity during response inhibition in smokers, and smoking was found 
to be associated with hypoactivation in frontal regions such as the anterior cingulate cortex 
(ACC), orbitofrontal cortex, and inferior-, middle- and superior frontal gyri (Luijten et al. 2014).
These frontal regions do not operate in isolation but are considered nodes of a putative 
response inhibition network also comprising cortical motor areas and basal ganglia 
structures, in particular the dorsal striatum consisting of putamen and caudate nuclei 
(Everitt & Robbins 2016; Hampshire & Sharp 2015). Recently, awareness has risen that 
the investigation of connectivity or synchronization between nodes of brain networks 
can provide more information about adaptive and maladaptive processes (Ernst et al. 
2015). Indeed, connectivity between putamen and frontal cortex appears to be central 
to successful response inhibition as measured with the Stop Signal task (Zandbelt & 
Vink 2010), and altered patterns of connectivity between these areas during stop signal 
inhibition have been found in different types of addictions (Courtney et al. 2012; Li et al. 
2014). This suggests that knowledge of putamen connectivity patterns during response 
inhibition can contribute to our understanding of inhibitory control deficits in smokers.
Support for the role of the putamen in addiction not only comes from human imaging 
studies but also from a substantial body of work in animals (Everitt & Robbins 2016). 
Within the putamen, a shift in locus of control occurs during the development of an 
addiction, which in humans seems to take place along an anterior-posterior axis (Sjoerds 
et al. 2013). There is converging evidence for this anterior/posterior distinction within 
the putamen, where the anterior putamen displays connectivity with frontal areas such 
as the medial frontal gyrus and ACC, whereas the posterior putamen is connected with 
sensorimotor areas (Di Martino et al. 2008; Draganski et al. 2008; Haber 2003; Lehéricy et 
al. 2004). The anterior network is thought to be involved in goal-directed control, whereas 
the posterior network has been implicated in habitual, over-learned responding (Balleine 
& O’Doherty 2010; de Wit et al. 2012; Wu et al. 2008). Recent studies have linked individual 
differences in the balance between goal-directed and habitual responding to compulsive 
and addictive behaviours (Gillan et al. 2016). This suggests it would be promising to explore 
the contributions of these systems in smokers. 
So far, studies using response inhibition paradigms such as the Go-NoGo task, have 
not attempted to delineate anterior (goal-directed) and posterior (habitual) putamen 
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networks during response inhibition, nor have they directly investigated putamen 
connectivity in relation to smoking.
Therefore, the first aim of our study is to examine functional networks of the anterior and 
posterior putamen involved in Go-NoGo task performance. We hypothesize that during 
response inhibition, which requires a habitual response to be overwritten by a goal-
directed one, the anterior putamen will show a pattern of functional connectivity with 
frontal regions involved in response inhibition, such as the ACC. In contrast, given the 
main role of the posterior putamen in habitual as opposed to goal-directed responding, 
we expect more functional connectivity between the posterior putamen and sensorimotor 
areas during repetitive ‘Go’ responding.
Our second aim is to compare smokers to non-smokers on functional connectivity of the 
anterior versus posterior putamen during response inhibition. We expect that smokers 
will exhibit lower functional connectivity between the anterior putamen and frontal areas 
such as the ACC, reflecting a relatively weak goal-directed control network. Additionally, 
smokers may show stronger connectivity between the posterior putamen and sensor-
imotor areas during inhibition, reflecting more interference of the habit network during 
this condition in comparison to non-smokers.
Materials and Methods
Participants 
The sample consists of 25 smokers and 23 non-smokers, for which the neural activity 
during inhibition has been described previously as part of a larger pharmacological fMRI 
study (Luijten et al. 2013). We only used the placebo session of this study. Characteristics 
of this sample are displayed in Table 1. Smokers consumed a minimum of 15 cigarettes 
per day (M = 19.12, SD = 3.37, range = 15-25), for at least three years (M = 7.20, SD = 3.01, 
range = 3-14). Smokers had a mean score of 3.80 (SD = 1.83, range = 1-8) on the Fagerström 
Test for Nicotine Dependence (FTND; Heatherton et al. 1991). Non-smokers had not smoked 
more than 10 cigarettes during their lifetime (M = 1.73, SD = 2.62, range = 0-10). Details on 
exclusion criteria and testing procedures can be found in the supplement. This study was 
approved by the ethics committee of Erasmus MC – University Medical Center Rotterdam 
and was conducted in accordance with the Declaration of Helsinki. All participants 
provided written informed consent before participating in this study.
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table 1  Participant characteristics
1To test for significance differences an independent samples t-test or chi-square test was used. 
2Given a violation of Levene’s test for homogeneity of variances, F(1, 46) = 6.25, p = .016, a t-test 
not assuming homogeneity of variances was performed. 3Education level was categorized as low, 
middle, or high according to the Dutch education system. A chi-square test for education level could 
not be performed because the low and middle categories did not contain sufficient participants. 
Note: characteristics of this sample have been reported in a previous study (Luijten et al. 2013).
Questionnaires
Smokers completed the FTND (Heatherton et al. 1991), which is a measure of nicotine 
dependence. Before the scanning session, they also completed the Questionnaire of 
Smoking Urges (QSU; Sanderson Cox et al. 2001) to report their subjective craving for a 
cigarette at that time. Additionally, the Barratt Impulsiveness Scale was obtained from all 
participants as a measure of trait impulsivity (BIS-11; Patton et al. 1995).
Task paradigm
In this Go-NoGo task (previously described by Luijten et al. 2013) participants were required 
to press a button in response to letters presented for 700 ms at 1 HZ. Between each letter, 
a blank screen was presented for 300 ms, constituting the inter-stimulus interval. When 
the same letter was presented consecutively, participants had to withhold their response 
(NoGo trial). The task consisted of 817 Go trials and 110 NoGo trials. Unpredictability of 
NoGo trials was established by introducing jitter in the number of Go trials presented in 
succession (M = 7.25, range = 3-16). Four rest periods of 15 seconds were also included in the 
task. The measures obtained from this task were: accuracy for Go and NoGo trials, and 
reaction times (RTs) for incorrect NoGo and correct Go trials.
Smokers Non-Smokers Difference 
smokers vs. 
non-smokers1
n 25 23 n/a
Male 18 14 χ2 = 0.67, p = .414
Age in years M (SD) 22.56 (2.84) 21.74 (1.82) t(41.15) = 1.20,  
p = .2362
Education level 84% high, 8% mid-
dle, 8% low (n = 25)
95.5% high, 4.5% mid-
dle, 0% low (n = 22)
n/a3
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Image processing
For details on image acquisition parameters we refer to the supplement. Analyses were 
performed using SPM8 (Statistical Parametric Mapping; Wellcome Trust Center for 
Neuroimaging, London, UK). Pre-processing started with realignment of all functional 
scans and coregistration of the anatomical scan to the mean T2-weighted image. Next, 
the anatomical scan was segmented into grey and white matter and cerebrospinal fluid, 
and the resulting segmentation parameters were used for normalization to the SPM T1-
weighted MNI template. After normalization, the voxel size was 2×2×2 mm. For spatial 
smoothing of functional images, we used a Gaussian kernel of 8 mm 3D full width at half 
maximum. A general linear model (GLM) was created that included the four conditions (Go 
correct, Go incorrect, NoGo correct and NoGo incorrect), which were modelled using delta 
functions convolved with a canonical haemodynamic response function (HRF). 
Seed regions
In order to create subject-specific anatomical seed regions of the putamen, each participant’s 
normalized anatomical image was entered in an automatized toolbox for subcortical 
segmentation in FSL FIRST (Patenaude et al. 2011). A line through the anterior commissure 
was used as a reference point to define the anterior and posterior parts of the putamen. A 
gap of 4 mm (MNI, y = -2 to 2) was left between the two regions to minimize signal overlap. 
Functional connectivity
Functional connectivity analyses were performed using the generalized form of 
psychophysiological interaction (gPPI) toolbox (McLaren et al. 2012), which incorporates 
all task conditions (NoGo correct, NoGo incorrect, Go correct, Go incorrect) in one PPI 
model. The normalized and smoothed functional images, specified by the original GLM, 
were used as input for the gPPI toolbox. For each seed region and each participant, a gPPI 
GLM was created. The gPPI GLM consisted of a physiological regressor, reflecting the 
physiological activity of the seed region, 4 psychological regressors, reflecting each of 
the task conditions, and 4 PPI regressors, reflecting the psychophysiological interaction 
terms. To create the physiological regressor, the first eigenvariate of the timeseries was 
extracted from the respective seed region. This regressor was subsequently deconvolved 
to estimate the neuronal activity underlying the observed blood oxygen level dependent 
(BOLD) signal. Next, the estimated neuronal activity was multiplied with the condition ON 
times (onset times plus stimulus duration) for each task condition and then convolved 
with the HRF to form the 4 PPI regressors. The 4 psychological regressors were created 
by convolving the ON times for each condition with the canonical HRF. Finally, a whole-
brain analysis (single-subject-level) was performed with the gPPI GLM in SPM8. For 
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each seed region and participant, a PPI-contrast was made, contrasting the PPI during 
the NoGo correct condition (inhibition) with the PPI during the Go correct condition 
(repetitive responding). The NoGo correct > Go correct contrast is most commonly used 
to study inhibition (Luijten et al. 2014) and corresponds to that used in the previous paper 
(Luijten et al. 2013). The Go correct > NoGo correct side of this contrast, here referred to as 
‘repetitive responding’, is thought to reflect prepotent motor responses which we expect 
to involve the posterior putamen network. The incorrect NoGo trials are normally used to 
study error-processing (Luijten et al. 2014), which is beyond the scope of the current study.
Group analysis
To examine connectivity patterns of the anterior and posterior putamen across all 
participants, a one-sample t-test for each seed region was conducted on the PPI-contrast 
images. The direction NoGo correct > Go correct of this contrast represents higher 
connectivity during inhibition, whereas Go correct > NoGo correct represents higher 
connectivity during repetitive responding. To compare smokers to non-smokers, an 
independent samples t-test on the same contrast images was performed for each seed 
region. All results are reported at a cluster-level p ≤ .05, FWE (familywise error) corrected 
for multiple comparisons across the whole brain, combined with a voxel-level threshold 
of uncorrected p < .001. For labelling of clusters the Automated Anatomical Labelling atlas 
(AAL; Tzourio-Mazoyer et al. 2002) was used within WFU PickAtlas toolbox v3.0 (Maldjian 
et al. 2003). A significant group difference on the abovementioned contrast will not tell 
us directly whether the difference is driven by a group difference in connectivity on NoGo 
correct trials or by a group difference on Go correct trials. To disentangle this, the PPI-effects 
of the separate conditions (NoGo correct and Go correct) relative to baseline (including the 
rest periods of the task) were extracted from the clusters displaying a significant group 
difference in connectivity with one of the seed regions. This extraction was performed with 
MarsBaR (release 0.44; Brett et al. 2002). To enable interpretation of the group × condition 
interaction, post hoc t-tests on the extracted values were carried out in SPSS (version 23). In 
the supplement, we report an extra analysis to check whether session order (placebo as the 
first or second session) had a significant influence on our whole-brain results.
Correlations with behaviour
In the event of significant group differences, we explored whether these group differences 
were best explained by individual differences in task performance, trait impulsivity, 
nicotine dependence or craving. To this end, the PPI-effects per condition (NoGo 
correct and Go correct separately), extracted from the clusters displaying a significant 
group difference in connectivity with one of the seed regions, were correlated with the 
behavioural variables. More specifically, Pearson correlations were calculated between 
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the PPI-effects and accuracy during NoGo trials, Go RT, BIS-11 total scores reflecting 
trait impulsivity, FTND scores reflecting nicotine dependence and QSU scores reflecting 
smoking urges before the scanning session. These correlation analyses were corrected for 
multiple comparisons using the ‘effective number’, M(eff), of independent tests according 
to the method described by Li & Ji (2005). Next to the correlations, descriptive statistics 
of the above variables are presented for smokers and non-smokers separately, along with 
the corresponding tests for differences in means. An additional analysis was performed 
to check whether session order had an influence on the performance measures (see 
supplement for details).
Results
Functional connectivity: results across all participants
The results across all participants revealed stronger connectivity during inhibition 
(NoGo correct > Go correct) between the anterior putamen and a large frontal cluster 
localized in the superior medial frontal cortex and ACC. A cluster in the precuneus 
also showed connectivity with the anterior putamen during inhibition. The reverse 
comparison, reflecting repetitive responding (Go correct > NoGo correct), did not yield 
any significant connectivity with the anterior putamen. With the posterior putamen 
seed region, significantly stronger connectivity was observed during inhibition (NoGo 
correct > Go correct). Clusters were localized in the parietal and occipital lobes, and on 
the border of pre- and postcentral gyri. The repetitive responding comparison (Go correct 
> NoGo correct) returned no significant clusters for the posterior putamen (see Table 2 
for an overview of the results). In Supplementary Table 1 we describe differences between 
the anterior and posterior putamen networks more directly, by showing the results of 
a paired-samples t-test with a threshold of voxel-level uncorrected p < .001 (no clusters 
survived FWE correction).
526354-L-bw-Akkermans
Processed on: 14-11-2018 PDF page: 51
Putamen functional connectivity during inhibitory control in smokers 51
2
table 2  Functional connectivity results across all participants
Main areas (# voxels)1 Side2 Total # 
voxels3
p-value 
cluster4
Brodmann 
areas5
Peak voxel (MNI)
    X,         Y,         Z
t-
value
peak
Anterior putamen NoGo correct > Go correct
Medial superior frontal gyus 
(795)
Anterior cingulate (626)
Medial orbitofrontal cortex 
(527)
R/L
R/L
R/L
2252 <.001 10, 32, 24, 11, 25 6 46 0 6.38
Precuneus (171)
Mid-cingulate (47)
Posterior cingulate (41)
R/L
R
R
353 .006 31, 7 16 -54 32 4.28
Posterior putamen NoGo correct > Go correct
Mid-cingulate (723)
Supplementary motor area 
(110)
Paracentral lobule (109)
R/L
L
L
1461 <.001 31, 5, 6, 23, 7, 
24, 3, 4
-16 -34 46 5.53
Precuneus (423)
Cuneus (320)
Calcarine gyrus (256)
R
R
R
1292 <.001 7, 31, 30, 19, 18, 
23, 29
20 -54 26 5.53
Precentral gyrus (89)
Postcentral gyrus (38)
R
R
223 .026 6, 9 44 -4 30 5.05
Cuneus (387)
Superior occipital gyrus (117)
Calcarine gyrus (21)
L
L
L
656 <.001 18, 31, 19, 7 -16 -76 24 4.89
Inferior occipital gyrus (120)
Lingual gyrus (90)
Middle occipital gyrus (33)
L
L
L
298 .008 18, 19, 17 -28 -96 -8 4.68
1Automatic anatomical localization of clusters was performed using AAL labelling in the WFUpickatlas tool-
box. The 3 largest areas included in a cluster are listed, with # voxels indicating the number of voxels in 
these areas. 2Side refers to hemisphere (right/left). 3# voxels refers to the total number of voxels in a cluster. 
4All results are reported at a cluster-level p ≤ .05, FWE (familywise error) corrected for multiple comparisons 
across the whole brain, combined with a voxel-level threshold of uncorrected p < .001. 5Brodmann areas are 
listed in descending order based on size and labelling of these areas was performed with WFUpickatlas. Note: 
the comparison Go correct > NoGo correct yielded no significant results. 
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figure 1  A) Group difference in right insula cluster. B) Group difference in occipital lobe. 
In pink, results are shown at a cluster-level p ≤ .05, FWE corrected for multiple comparisons 
across the whole brain, combined with a voxel-level threshold of uncorrected p < .001. 
In blue, results are shown at a voxel-level threshold of uncorrected p < .001, without the 
cluster correction. Results are overlaid on the MNI152 T1 template. The bar plots represent 
the PPI-effects for smokers compared to non-smokers. Group means with their standard 
errors are displayed for each condition (Go correct and NoGo correct). The values on the 
y-axis represent PPI-effects of the respective condition relative to baseline. The comparison 
non-smokers > smokers yielded no significant results at the threshold with FWE correction.
Functional connectivity: group comparisons
Comparing the anterior putamen PPI-contrasts between smokers and non-smokers 
yielded two significant clusters for which smokers displayed more connectivity: the right 
insula (206 voxels, cluster-level p
FWE
 = .050, peak t = 4.95, peak p < .001) and a cluster in the 
occipital lobe (435 voxels, cluster-level p
FWE
 = .002, peak t = 4.65, peak p < .001) (see Figure 
1). These group results were further disentangled with post hoc t-tests. On the Go correct 
trials, there was no significant difference between smokers and non-smokers (right insula: 
t
46
 = 0.34, p = .732; occipital lobe: t
46
 = 1.36, p = .179). On NoGo correct trials on the other hand, 
smokers displayed significantly stronger connectivity than non-smokers (right insula: t
46
 
= 4.68, p < .001; occipital lobe: t
36.71
 = 4.28, p < .001). We also contrasted the conditions in 
smokers and non-smokers separately. For smokers, the connectivity between the anterior 
putamen and the right insula and occipital lobe was stronger during NoGo correct trials 
B) anterior putamen - occipital lobe
x= 49 y= 22 z= 42
−1
0
1
2
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4
non−smokers smokers
pp
i-e
ffe
ct
***
*
***
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0
1
2
3
4
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ct
non−smokers smokers
***
***
* p < .05 *** p < .001  Go correct  NoGo correct 
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compared to Go correct trials (right insula: t
24
 = 5.36, p < .001; occipital lobe: t
24
 = 5.45, p < 
.001), whereas for non-smokers there was a significant difference between conditions for 
the right insula only (right insula: t
22
 = 2.11, p = .046, occipital lobe: t
22
 = 1.92, p = .068). For 
the posterior putamen, no significant group differences were found. In Supplementary 
Table 2 results are described at the more liberal threshold of voxel-level uncorrected p < 
.001. Here post hoc t-tests were not performed. An additional analysis described in the 
supplement confirmed that session order did not significantly influence our results.
Correlations with behaviour
To explore whether group differences were explained by individual differences in behaviour, 
we examined Pearson correlations of the extracted PPI-effects with the behavioural 
variables. Since the group differences in PPI-effects were driven by the NoGo correct 
trials, we only computed correlations with the connectivity during NoGo correct trials. No 
significant relationships emerged between connectivity of the occipital cluster and Go RT 
(r = .16, p = .266), NoGo accuracy (r = .09, p = .538) or BIS-11 total score (r = .17, p = .244). The right 
insula cluster had no associations with Go RT (r = .23, p = .111) or NoGo accuracy (r = .00, p = 
.981) but did show a relationship with BIS-11 total score (r = .33, p = .024). Participants with 
a higher total score on the BIS-11, reflecting higher trait impulsivity, also showed higher 
connectivity between the anterior putamen and the right insula during NoGo correct trials 
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●
●
●
●
●
●
●
●●
R2 = 0.01
● ●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
R2 = 0.11
Go correct NoGo correct
−5
0
5
10
50 60 70 80 50 60 70 80
BIS total score
P
P
I−
ef
fe
ct
 a
nt
er
io
r 
pu
ta
m
en
 −
 r
ig
ht
 in
su
la
● non−smoker
smoker
figure 2  Correlation between BIS-11 total score (trait impulsivity) and PPI-effects of the 
anterior putamen with the right insula. Separate plots are displayed for the PPI-effects 
during Go correct trials and during NoGo correct trials.
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(see Figure 2). However, this result did not survive correction for multiple comparisons 
using a corrected α of .013 (.05 divided by 3.9, the ‘effective number’, M(eff), of independent 
tests). Furthermore, for smokers (n = 25) there were no significant associations between 
connectivity during NoGo correct trials and FTND nicotine dependence scores (occipital: 
r = -.05, p = .796; right insula: r = -.16, p = .433) or QSU scores for smoking urges (occipital: 
r = -.19, p = .367; right insula: r = -.19, p = .363). Table 3 displays descriptive statistics of the 
above variables for smokers and non-smokers separately, along with the corresponding 
tests for differences in means. As seen in Table 3, smokers did not differ on NoGo accuracy 
but had longer Go RTs and higher BIS-11 total scores for trait impulsivity. Performance was 
not significantly affected by session order (see supplement).
Discussion 
The first aim of the present study was to investigate functional networks of the anterior 
and posterior putamen in a Go-NoGo paradigm. During inhibition compared to repetitive 
responding, we observed the hypothesized stronger connectivity between the anterior 
putamen and a large cluster in the frontal lobe, including the ACC and medial frontal 
regions. Additionally, a cluster was revealed in the precuneus, an area that has been 
increasingly acknowledged as an important hub for high-order cognitive functions 
requiring sensorimotor integration and voluntary shifts of attention (Cavanna & Trimble 
2006). The ACC and precuneus have been commonly found to be activated during 
inhibition in Go-NoGo tasks (Garavan et al. 2006; Swick et al. 2011), and both regions have 
been associated with performance-monitoring during these tasks (Menon et al. 2001). Our 
results are in line with previous studies demonstrating a distinct pattern of activation of 
the anterior putamen and concurrent activation of frontal regions during the early stages 
Smokers Non-Smokers Difference smokers vs. 
non-smokers1
NoGo accuracy in % 
M (SD)
60.69 (14.23) 61.74 (15.06) t(46) = 1.05, p = .805
Go reaction time in ms 
M (SD)
371.04 (51.49) 340.47 (46.42) t(46) = 2.15, p = .037
BIS-11 total2 M (SD) 65.52 (9.28) 59.04 (6.87) t(46) = 2.73, p = .009
QSU scores3 M (SD) 39.71 (11.48) n/a n/a
table 3  Descriptive statistics of behavioural measures
1To test for significant differences, independent samples t-tests were used. 2BIS-11 total scores can 
range from 30 to 120. 3QSU-scores can range from 10 to 50. Note: these data overlap with those re-
ported in a previous study of this sample (Luijten et al. 2013).
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of motor learning, when demands on response-monitoring are higher (Jueptner et al. 
1997; Lehéricy et al. 2005). Furthermore, similar activation patterns have been observed 
in relation to goal-directed responding during instrumental learning (Sjoerds et al. 2013; 
Tricomi et al. 2009). Although structural and resting state studies have also confirmed 
connectivity between the anterior putamen and ACC (Di Martino et al. 2008; Draganski et 
al. 2008; Haber 2003; Lehéricy et al. 2004), we believe to be the first to isolate connectivity 
of this network in a response inhibition paradigm. This finding adds to the response 
inhibition literature by highlighting the important role of the anterior putamen network 
during inhibition. Together, the current results and the findings reviewed above indicate 
that the anterior putamen is involved in a frontal network that is more strongly recruited 
during a range of conditions requiring response-monitoring or goal-directed control as 
opposed to conditions that are more automatic or habitual.
Also in keeping with this specialization of the anterior putamen, the posterior putamen 
displayed no connectivity with these frontal regions during inhibition. Instead, clusters 
emerged in the parietal and occipital lobes and on the border of the pre- and postcentral 
gyri. This pattern confirms the view of the posterior putamen as a ‘sensorimotor’ region 
(de Wit et al. 2012; Gillan et al. 2016). However, there were no sensorimotor clusters 
that showed heightened connectivity with the posterior putamen during repetitive 
responding, which contrasts with our expectation based on literature demonstrating 
that the posterior putamen is involved in habits and over-learned actions. Studies on 
motor and instrumental learning have consistently observed greater activation of the 
posterior putamen and stronger connectivity with sensorimotor regions in relation 
to stronger learned motor responses (Jueptner et al. 1997; Lehéricy et al. 2005; Wu et al. 
2008) or stimulus-response associations (Horga et al. 2015; Sjoerds et al. 2013; Tricomi et 
al. 2009). This indicates that the posterior putamen is engaged in establishing stimulus-
response relationships and that the strength and influence of these relationships 
increases with additional learning. Knowledge of posterior putamen network connectivity 
in other experimental contexts, such as the Go-NoGo task, is currently lacking. Our 
results suggest that it remains challenging to isolate habit-related processes and that 
automatic responding seen during often time-consuming motor and instrumental 
learning paradigms cannot simply be extrapolated to repetitive Go-responding. We 
hypothesize that different dynamics play a role in the Go-NoGo task, which consists of 
explicit stimulus-response relationships that are assumed to be equally well-learned. 
Following from the results, it seems that the infrequent switches of stimulus-response 
pattern in NoGo trials recruit connectivity of both the goal-directed and the habitual/
sensorimotor putamen networks to a greater extent than the frequent Go trials. However, 
there could still be differences in the relative contribution of these networks over time or 
over subgroups of individuals.
Indeed, our next aim was to compare smokers to non-smokers on the connectivity 
within anterior and posterior putamen networks during inhibition. We expected that 
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smokers would exhibit lower functional connectivity between the anterior putamen and 
frontal areas such as the ACC, reflecting a relatively weak goal-directed control network. 
Disturbed response-monitoring in the ACC during inhibitory control has been suggested 
to constitute one of the core deficits of addiction (Luijten et al. 2014), and evidence for 
hypoactivity of the ACC has been found in the current sample of smokers (Luijten et al. 
2013). However, even though substantial inhibition-related connectivity was observed 
between the anterior putamen and ACC across all participants, there was no difference 
in this connectivity between smokers and non-smokers. This finding diverges from the 
study by Hong et al. (2009), where weaker connectivity between striatum and ACC during 
resting state was related to higher nicotine dependence scores. Also, weaker connectivity 
between putamen and ACC during inhibition was seen in alcohol dependent individuals 
(Courtney et al. 2012). Since to our knowledge this is the first study to examine putamen 
connectivity in smokers within an inhibitory control paradigm, further research is required 
to clarify these contrasting findings. 
An unexpected significant group difference emerged for the inhibition-related connectiv-
ity, where smokers displayed higher connectivity than non-smokers between the anterior 
putamen and clusters in the right insula and occipital lobe. The insula has been consis-
tently linked to performance on inhibitory control tasks (Cai et al. 2014), nicotine depen-
dence, craving (Naqvi et al. 2014) and trait impulsivity (Churchwell & Yurgelun-Todd 2013; 
Moreno-López et al. 2012). Interestingly, lesions of both putamen and insula (separately 
or together) have been found to cause spontaneous smoking cessation (Gaznick et al. 
2014). The fact that smokers had unimpaired accuracy rates, but longer reaction times, 
could imply that alternative strategies were used or that networks were recruited less ef-
ficiently. However, we did not find an association between reaction times and connec-
tivity measures. Instead, a tentative correlation was observed between anterior putamen 
– right insula connectivity and trait impulsivity scores across smokers and non-smokers. 
Although this result warrants replication, we are inclined to attribute the obtained differ-
ence between smokers and non-smokers in insula connectivity to individual differences 
in trait impulsivity. High trait impulsivity may lead to an increased probability of smoking 
initiation (O’Loughlin et al. 2009) and heightened susceptibility to proceed to compulsive 
behaviour (Belin et al. 2016). Notably, previous studies have also shown disturbances in 
connectivity of the insula with the ACC in smokers (Janes et al. 2015; Zanchi et al. 2015), and 
these regions are both part of the salience network (Uddin 2015). In sum, evidence for sa-
lience network (insula, ACC) and putamen dysfunction in addiction is accumulating (Ever-
itt & Robbins 2016), although the direction of effects is not always consistent and may 
depend on the type of addiction, demands of the task, and the outcome measures under 
study (e.g. activity or connectivity). Further studies could explore whether differences in 
functional connectivity are codetermined by differences in white matter connectivity. 
Concerning the posterior putamen network, the hypothesis of a relatively strong influence 
or interference of this network during inhibition in smokers could not be confirmed. As 
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discussed above, it seems that both groups recruited the posterior putamen sensorimotor 
network to a greater extent during inhibition compared to repetitive responding. Perhaps 
group differences only become visible when smokers are confronted with drug-related 
cues. Indeed, in some studies smokers displayed higher motor and dorsal striatal reactivity 
to smoking cues than non-smokers (Jasinska et al. 2014); although an overreliance on the 
habit system has been demonstrated in alcohol dependent individuals using neutral 
cues (Sjoerds et al. 2013). Alternatively, our moderate sample size of 25 versus 23 may have 
resulted in insufficient power to detect small differences between the groups. So far, 
studies directly investigating habit formation and expression in human participants with 
addiction are scarce and no golden standard exist (Sjoerds et al. 2014). This calls for more 
research devoted to this topic.
To summarize, the present findings support the hypothesis of enhanced anterior putamen 
– frontal (ACC) synchronization during inhibition. The posterior putamen showed 
stronger connectivity with sensorimotor regions, in line with literature referring to this 
region as the sensorimotor putamen. The expected heightened connectivity of this 
network during repetitive responding was not observed, presumably due to different 
network dynamics in Go-NoGo tasks compared to learning tasks. The results extend on 
previous findings by confirming, for the first time in a response inhibition paradigm, the 
involvement of anterior putamen – frontal connectivity in contexts requiring response-
monitoring or goal-directed responding. Furthermore, it underscores the importance 
of considering functional subdivisions of the putamen when performing connectivity 
analyses. In contrast to the hypothesized weaker anterior putamen – ACC connectivity 
during inhibition, our study revealed a disturbed anterior putamen – insula connection 
in smokers and a tentative relationship of the synchronized activity of these regions with 
trait impulsivity. This finding highlights the role of the insula in nicotine addiction and 
in impulsive-compulsive behaviour. Moreover, it indicates that it would be worthwhile 
for future studies to examine interactions between insula and anterior putamen in the 
context of inhibitory control and addiction.
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Supplementary Information Chapter 2
Exclusion criteria
Exclusion criteria for both groups were (a) current substance abuse or dependence 
(other than nicotine for the smoking group), (b) the current presence of any physical or 
psychological illness, (c) any use of psychotropic medication or medication that may affect 
blood circulation and/or respiration, (d) fMRI contraindications, and (e) left-handedness.
Procedure
The original study consisted of 2 scanning sessions: one where participants were given 
placebo and one where they were given haloperidol. The order of sessions was successfully 
randomized as 52% versus 48% of the non-smokers and smokers, respectively, received 
placebo during the first test occasion. For the purposes of the present paper only the 
scans from the placebo session were used. The 2 scanning sessions were separated by one 
week and the order of haloperidol or placebo administration was randomized. Smokers 
were not allowed to smoke from 4 hours before the scanning session until scanning was 
finished to ensure that acute effects of nicotine on the brain were not present during 
scanning. Breath carbon monoxide (CO) concentration was measured in all subjects using 
a calibrated Micro+Smokerlyzer (Bedfont Scientific Ltd., Rochester, UK) to verify smoking 
abstinence and to objectively define smokers and non-smokers. 
Image acquisition
Data were acquired on a 3T GE Healthcare (The Discovery® MRI 750 3.0 T, Milwaukee, US) 
scanner. Blood oxygen level-dependent (BOLD) sensitive functional T2-weighted images 
were acquired in 44 axial slices covering the entire supratentorial brain with a repetition 
time (TR) of 2500 ms, echo time (TE) of 30 ms, field of view (FOV) of 240 mm, and isotropic 
voxel size of 2.5 mm3. A structural 3-dimensional (3D) inversion recovery fast spoiled 
gradient echo T1-weighted image was acquired in 164 contiguous axial slices with TR of 7.9 
ms, TE of 3.1 ms, FOV of 240 mm, and isotropic voxel size of 1 mm3 for anatomical reference.
Session effects
To exclude the possibility that session order affected our results, we checked the reported 
whole-brain group comparisons for the anterior putamen with the addition of a session 
order covariate (main effect) and obtained similar results for the right insula (207 voxels, 
cluster-level p
FWE
 = .050, peak t = 5.40, peak p < .001) and the occipital lobe (487 voxels, 
cluster-level p
FWE
 = .001, peak t = 4.74, peak p < .001), indicating that these results were 
not driven by the fact that some participants had experienced a previous session. The 
main effect of session itself did not yield significant results with the same threshold. 
In addition, there were no significant differences between sessions when looking at 
connectivity of the posterior putamen. We also performed an analysis to explore whether 
session influenced the performance measures. To this end 2×2 ANOVAs were performed 
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in SPSS with group (smokers versus non-smokers) and session (placebo first versus 
placebo second) as factors and Go RT and NoGo accuracy as outcome measures. For Go 
RT there was a significant effect of group (p = .042) but no significant effects of session 
(p = .351) or group × session interactions (p = .696). This corresponds to the result already 
included in the paper, that smokers are generally slower in responding. Also in accordance 
with the paper, there were no effects of group, session or group × session interactions on 
NoGo accuracy (all p’s ≥ .186). In sum, the fact that half of the participants experienced a 
previous Go-NoGo fMRI session under haloperidol did not seem to significantly influence 
our connectivity or task performance results.
Note that the information on exclusion criteria and image acquisition was directly copied 
from the previous article published on this dataset (Luijten et al. 2013).
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table S1  Direct comparison of anterior putamen and posterior putamen seed regions
Main areas (# voxels)1 Side2 Total # 
voxels3
Brodmann 
areas4
  Peak voxel (MNI)
    X,         Y,        Z
  t-value
  peak5
Anterior putamen > Posterior putamen NoGo correct > Go correct
Anterior cingulate (11) L 15 10, 32 -6 42 10 3.61
Medial superior frontal gyus (2) L
Anterior cingulate (10) R 18 10, 32 6 50 8 3.57
Medial superior frontal gyus (5) R
Posterior putamen > Anterior putamen NoGo correct > Go correct 
Supplementary motor area (36) L 50 24, 6, 31 -4 -8 50 4.25
Mid-cingulate (14) L
Supplementary motor area (34) R 61 6, 32 -8 10 48 4.05
Supplementary motor area (27) L
Inferior occipital gyrus (58) L 79 18, 17 -22 -92 -8 4.04
Lingual gyrus (14) L
Fusiform gyrus (4) L
Angular gyrus (6) R 26 n/a 34 -56 34 4.01
Superior occipital gyrus (68) L 113 17, 18 -14 -92 4 3.96
Middle occipital gyrus (22) L
Calcarine gyrus (5) L
Inferior frontal gyrus pars opercularis 
(31)
R 34 n/a 36 12 30 3.93
Inferior frontal gyrus pars triangularis 
(3)
R
Fusiform gyrus (34) L 34 n/a -34 -60 -40 3.89
Precentral gyrus (29) R 29 6 32 -12 54 3.87
Mid-cingulate (25) R 25 31 4 -28 48 3.86
Lingual gyrus (14) L 15 18 -12 -80 -2 3.66
Superior frontal gyrus (15) R 22 6 4 -4 60 3.59
Middle frontal gyrus (7) R
Thalamus (15) L 15 n/a -10 -22 16 3.57
1Automatic anatomical localization of clusters was performed using AAL labelling in the WFUpickatlas 
toolbox. The 3 largest areas included in a cluster are listed, with # voxels indicating the number of voxels 
in these areas. 2Side refers to hemisphere (right/left). 3# voxels refers to the total number of voxels in a 
cluster. 4Brodmann areas are listed in descending order based on size and labelling of these areas was 
performed with WFUpickatlas. 5Results reported are from a paired samples t-test between the seed 
regions with a voxel-level threshold of uncorrected p < 0.001 combined with an extent threshold of ≥ 15 
voxels. The comparison Go correct > NoGo correct returned no significant results.
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table S2  Comparison of smokers and non-smokers
Main areas (# voxels)1 Side2 Total # 
voxels3
Brodmann areas4 Peak voxel (MNI)
      X,           Y,           Z
t-value
peak5
Smokers > non-smokers Anterior putamen NoGo correct > Go correct
Insula (151) R 206 38, 13, 47 42 14 -10 4.95
Superior temporal pole (13) R
Inferior orbitofrontal (5) R
Calcarine gyrus (186) L 425 18, 17, 23, 19, 30 -14 -80 12 4.65
Superior occipital gyrus (58) L
Mid occipital gyrus (46) L
Lingual gyrus (57) R 89 30, 18, 29 16 -54 4 4.09
Calcarine gyrus (29) R
Precuneus (3) R
Precuneus (33) R 36 7 10 -62 58 4.03
Superior parietal gyrus (3) R
Superior temporal gyrus (29) L 31 13, 21 -42 -2 -12 3.94
Insula (2) L
Thalamus (14) R 36 n/a 10 -24 16 3.87
Thalamus (55) L 56 n/a -8 -24 14 3.86
Insula (3) L 15 n/a -30 24 16 3.78
Inferior occipital gyrus (12) L 23 18 -28 -90 -4 3.78
Mid occipital gyrus (11) L
Mid cingulate (9) R 15 32, 9 8 36 28 3.63
Anterior cingulate (6) R
Smokers > non-smokers Posterior putamen NoGo correct > Go correct
Precuneus (59) R 76 n/a 14 -52 16 4.84
Calcarine gyrus (16) R
Lingual gyrus (1) R
Superior frontal gyrus (18) L 21 32 -16 10 48 4.66
Calcarine gyrus (81) L 158 18, 17, 23 -12 -80 18 4.29
Cuneus (35) L
Superior occipital gyrus (29) L
Calcarine gyrus (14) R 23 18, 31 14 -78 22 3.62
Cuneus (9) R
1Automatic anatomical localization of clusters was performed using AAL labelling in the WFUpickatlas 
toolbox. The 3 largest areas included in a cluster are listed, with # voxels indicating the number of voxels in 
these areas. 2Side refers to hemisphere (right/left). 3# voxels refers to the total number of voxels in a cluster. 
4Brodmann areas are listed in descending order based on size and labelling of these areas was performed with 
WFUpickatlas. 5All results are reported at a voxel-level threshold of uncorrected p < 0.001 combined with an 
extent threshold of ≥ 15 voxels. The comparison non-smokers > smokers returned no significant results. No 
post hoc t-tests were performed on the above results.
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Abstract
Smoking rates are particularly high during adolescence and young adulthood, when 
the brain is still undergoing significant developmental changes. Cross-sectional 
studies have revealed altered brain structure in smokers, such as thinner frontal 
cortical areas. Attention-deficit/hyperactivity disorder (ADHD) increases the risk 
of becoming nicotine-dependent and has also been associated with abnormalities 
in frontal grey matter structure. The present study examines the relationships 
between smoking, cortical thickness and ADHD symptoms in a longitudinal design 
that compares adolescent and young adult smokers (n = 44; 35 ADHD-affected) and 
non-smokers (n = 45; 32 ADHD-affected) on frontal cortical thickness. Average frontal 
cortical thickness was estimated through structural magnetic resonance imaging at 
two time points (mean ages 17.7 and 21.1 years), on average 3.4 years apart. Smokers 
had a 2.6% thinner frontal cortex than non-smokers and this effect was not explained 
by ADHD or other confounding factors. The rate of cortical thinning across the 3.4-
year MRI measurement interval was similar in the total group of smokers compared 
to non-smokers. However, speeded thinning did occur in smokers who had started 
regular smoking more recently, in between the two measurements. These novel 
regular smokers did not differ significantly from the non-smokers at baseline. This 
suggests that the thinner frontal cortex was not a predisposing factor but rather a 
consequence of smoking. Although smokers had more ADHD symptoms overall, 
smoking did not influence the developmental course of ADHD symptoms.
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Introduction
Smoking rates are particularly high during adolescence and young adulthood, when 
the brain is still undergoing significant developmental changes (Lydon et al. 2014). 
The presence of attention-deficit/hyperactivity disorder (ADHD) increases the risk of 
becoming nicotine-dependent (Groenman et al. 2013; Lee et al. 2011). In the current study, 
we examined the interplay between tobacco smoking, brain development, and ADHD 
symptoms by investigating the longitudinal effect of smoking on thickness of the frontal 
cortex in adolescents and young adults with and without ADHD. 
Several structural magnetic resonance imaging (sMRI) studies have explored links 
between smoking and deviations in cortical grey matter structure. A recent meta-analysis 
on studies using voxel-based morphometry (VBM) revealed that smokers had smaller grey 
matter volumes bilaterally in the frontal cortex and larger volumes in the right lingual 
cortex (Zhong et al. 2016). Other studies used cortical thickness (CT) as an outcome 
measure, which has been argued to be a more specific and sensitive measure for grey 
matter loss than VBM (Kühn et al. 2010). In accordance with the VBM studies, smokers 
exhibited lower CT in the orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), and 
insula, and also more extensively across the frontal, temporal and parietal lobes (Durazzo 
et al. 2013; Karama et al. 2015; Kühn et al. 2010; Li et al. 2015). Taken together, less grey matter 
in various brain regions has been observed in relation to smoking, but most consistently 
in the prefrontal cortex (Wang et al. 2015).
Due to a lack of longitudinal studies it remains unclear whether the thinner frontal grey 
matter in smokers represents a pre-existing difference, making individuals more prone to 
develop smoking habits, or is a consequence of tobacco exposure. Only three longitudinal 
studies have been performed to date, all in middle-aged and elderly populations. Two of 
these studies investigated global grey matter volume and detected no accelerated volume 
loss in smokers over a period of four or five years respectively (Duriez et al. 2014; Van Haren 
et al. 2010). One study looked at regional volumes, demonstrating that elderly participants 
with a lifetime history of smoking displayed faster atrophy over two years in the OFC, 
middle frontal gyrus, and other frontal regions, as well as posterior and paralimbic areas 
(Durazzo et al. 2012). The above stresses the need for more longitudinal studies, especially 
in adolescence and young adulthood, the sensitive period in brain development when 
smoking habits are formed. 
Here, we describe a study investigating longitudinal effects of smoking on the develop-
ment of frontal cortex in adolescents with and without ADHD. The prefrontal cortex is 
among the last brain regions to mature and is thought to play a crucial role in exerting 
cognitive control over behaviour (Casey et al. 2005). It has been hypothesized that 
immature cognitive control abilities make adolescents and young adults more prone to 
drug use (Loth et al. 2011), and deficits in cognitive control have been associated with ADHD 
3
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(Lee et al. 2011; Lipszyc & Schachar 2010). These deficits in cognitive control coincide with 
the presence of smaller frontal volumes (of for example the OFC and ACC) in individuals 
with ADHD (Bralten et al. 2016; Frodl & Skokauskas 2012; Valera et al. 2007). Accordingly, 
decreased CT in frontal areas may be a shared predisposing factor of individuals with 
ADHD and smokers, and may reflect immature cognitive control abilities. 
To disentangle cause and consequence in the relation of smoking and CT, our first aim was 
to capture the progressive effect of smoking on frontal CT through adolescence and young 
adulthood, while controlling for ADHD as an alternative explanation.
As our second aim, we explored whether associations of smoking with frontal CT 
development depended on ADHD severity. We hypothesized that, considering the already 
vulnerable frontal cortical structure as reported in ADHD, smoking would have a larger 
impact on the frontal CT of individuals with more severe ADHD. 
If smoking indeed speeds up thinning of the frontal cortex, this could in turn influence 
the development of ADHD symptoms. While smoking may have beneficial acute effects 
on ADHD symptoms (Gehricke et al. 2007), potentially used for self-medication purposes, 
it has been proposed that long-term smoking may cause amplification of impulsive 
behaviour (DeBry & Tiffany 2008). Due to the lack of longitudinal studies, this hypothesis 
has been left largely unexplored. Therefore, our third aim was to investigate whether 
the developmental course of ADHD symptoms was different in smokers relative to non-
smokers.
Experimental procedures
Participant selection
Participants were part of a longitudinal cohort study starting in 2003 (International 
Multicenter ADHD Genetics study; Müller et al. 2011a), consisting of participants originally 
recruited with an ADHD diagnosis (probands), their affected or unaffected siblings, and 
healthy controls. A structural MRI scan was collected during the NeuroIMAGE follow-up 
study (T1; 2009-2012; von Rhein et al. 2015) and subsequently during the NeuroIMAGE II 
follow-up study (T2; 2013-2015). We identified smokers and non-smokers in this cohort 
based on self-reported tobacco use at T2. More specifically, smokers confirmed to smoke 
regularly (daily or a couple of times a week) now, or to have smoked regularly in the past 
year. Smokers reporting quit attempts were included; only two reported to have recently 
quit successfully at T2. Non-smokers had to be free of any indication of present or past 
regular smoking (monthly or more frequently). Smokers and non-smokers groups both 
included probands, affected and unaffected siblings, and healthy controls. The non-
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smokers were matched as closely as possible to the smokers on number of ADHD-affected 
and -unaffected participants, gender, age, and IQ with the package MatchIT (Ho et al. 2011) 
in R. IQ was estimated using the vocabulary and block design subtests of the Wechsler 
Intelligence Scale for Children (WISC-III; Wechsler 2002) or Wechsler Adult Intelligence 
Scale (WAIS-III; Wechsler 2000), obtained during T1 and T2. Characteristics of the resulting 
groups of 44 smokers and 45 non-smokers are displayed in Table 1. These groups did not 
differ significantly in the proportion of ADHD-affected participants as established by a 
chi-square test; smokers, 79.5%, non-smokers, 71.1%, χ2=0.85, p =.356. More detailed 
information on participant selection and phenotypic information can be found in the 
Supplementary Information.
table 1  Sample characteristics
Smokers Non-smokers 1Difference test
n 44 45 
Males, n 28 25 χ2=0.60, p=.437
ADHD symptom count at T1, M (SD) 9.95 (5.85) 7.27 (5.60) t(87)=2.21, p=.029
2Age in years T1, M (SD) 17.9 (2.68) 17.6 (3.51) t(87)=0.49, p=.627 
3Age in years T2, M (SD) 21.3 (2.83) 20.9 (3.52) t(87)=0.54, p=.590 
Interval in years, M (SD) 3.42 (0.79) 3.37 (0.59) t(87)=0.29, p=.769
Estimated IQ T1, M (SD) 97.8 (15.4) 99.8 (14.1) t(87)=0.67, p=.504 
Estimated IQ T2, M (SD) 94.8 (16.0) 100.8 (16.1) t(87)=1.78, p=.079 
4Used ADHD medication in past 5 
years, n
20 20 χ2=0.04, p=.846
5Indication of problematic alcohol 
use, n
10 6 χ2=1.33, p=.249
5Indication of regular cannabis or 
other drug use, n
21 1 χ2=24.8, p<.001
6, 7ODD/CD symptom count > 5, n 9 1
6, 7Anxiety disorder/depressive 
disorder, n
3/3 2/1
1Differences between smokers and non-smokers were tested by means of independent samples 
t-tests or chi-square tests of independence. 2The age range at T1 was 9.5 – 24.2. 3The age range at T2 
was 12.9 – 27.6. 4Reported at T2, see supplement for details. 5At any time point from initial inclusion, 
see supplement for details. 6Reported at T1 or T2, see supplement for details. 7Chi-square tests could 
not be performed due to cells with a minimum expected frequency < 5. Abbreviations: ADHD – at-
tention-deficit/hyperactivity disorder, CD – conduct disorder, ODD – oppositional defiant disorder.
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Phenotypic information
Diagnostic information
Diagnosis and symptom counts for ADHD and comorbid disorders were determined by semi-
structured clinical interview at T1 and T2 (Schedule for affective disorders and schizophrenia 
for school-age children; Kaufman et al. 1997) and Conners’ ADHD questionnaires (Conners 
1998). A diagnosis of ADHD was given if the participant had 6 or more inattention and/or 
6 or more hyperactivity-impulsivity symptoms according to DSM-IV criteria. Unaffected 
siblings and healthy controls were allowed a maximum of 3 symptoms overall. Siblings with 
subthreshold ADHD, who did not meet criteria for either ADHD or unaffected status, were 
included in the analysis and were also labelled ‘affected’ for the purpose of the matching 
procedure as described above. Throughout the remainder of the paper symptom count 
was used as a continuous measure for ADHD and no group comparisons of ADHD-affected 
versus ADHD-unaffected were made. 
Smoking information
At T1 and T2, smoking was assessed with a self-report rating scale version of the antisocial 
behaviour interview (Loeber et al. 1989), which includes a question on frequency of tobacco 
use over the past half year (never, once or a few times, monthly, weekly, daily). During T2, 
the Fagerström Test for Nicotine Dependence (Heatherton et al. 1991) was also obtained 
with additional variables that were used for our classification: “Do you smoke regularly 
(daily or a couple of times per week) now, or did you smoker regularly in the past year?” 
and “At what age did you start smoking regularly?”. 
Procedures
Details on ethics and procedures of the NeuroIMAGE (T1) study can be found in von 
Rhein et al. (2015). The procedures of NeuroIMAGE II (T2) were approved by the regional 
ethics committee (Centrale Commissie Mensgebonden Onderzoek: CMO Regio Arnhem-
Nijmegen; 2012/542; ABR: NL41950.091.12). Written informed consent was obtained from 
participants and/or their legal guardians depending on the age of the participant. 
Image acquisition and processing
MPRAGE T1-weighted structural scans were acquired on a 1.5 Tesla Siemens Avanto scanner 
(TR=2730 ms, TE=2.95 ms, TI=1000 ms, voxel size=1×1×1 mm, FOV=256 mm, 176 slices). The 
same scanner and protocol was used for T1 and T2. The following steps were undertaken for 
these studies separately. Structural scans were processed in the automatic segmentation 
toolbox FreeSurfer (http://surfer.nmr.mgh.harvard.edu) to obtain estimates of regional 
CT and surface area. An aggregate measure of frontal CT was computed by averaging the 
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CT estimates of the following regions (left and right), weighted by the respective surface 
areas of those regions: caudal anterior cingulate, rostral anterior cingulate, caudal middle 
frontal, rostral middle frontal, lateral orbitofrontal, medial orbitofrontal, superior frontal, 
pars opercularis, pars orbitalis, pars triangularis, frontal pole and insula (see Figure 1). 
Visual inspection was performed on all subjects’ internal and external surface views for 
evident segmentation errors in the above regions. Following inspection, we concluded 
that frontal CT could be estimated correctly for all participants.
figure 1  Regions included in the frontal cortical thickness composite measure. Note: the 
composite measure of frontal cortical thickness was computed by averaging the cortical 
thickness estimates of the coloured regions (left and right) weighted by the respective 
surface areas of those regions. Segmentation was based on the FreeSurfer ‘Desikan-
Killiany’ atlas (https://surfer.nmr.mgh.harvard.edu/fswiki/CorticalParcellation).
Analysis aims 1 and 2: Effect of smoking on frontal cortical thickness 
development
To investigate whether the development of frontal CT was different in smokers compared 
to non-smokers (the groups as described in Table 1), we set up a ‘main model’ using linear 
mixed-effects modelling with the lme4 package (Bates et al. 2015) in R (see supplement for 
details and model statement). This method was chosen, as opposed to the more traditional 
repeated measures analysis of variance (ANOVA), to account for the familial dependence 
in the data and for the fact that ADHD symptom count and diagnostic status may vary 
over time. With an ANOVA, fixed groups would have to be used. For the main model, we 
used the aforementioned composite measure of frontal CT as a within-subject dependent 
variable, with repeated measures at T1 and T2. To examine whether smokers differed in 
development of frontal CT compared to non-smokers, we specified a fixed effect for the 
interaction between smoking (smokers vs. non-smokers) and age (age was used as the 
within-subject time variable). Main effects of smoking and age were also included. These 
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main effects captured time-independent differences between smokers and non-smokers, 
and general development of frontal CT, respectively. Since there is strong evidence that 
CT declines linearly in our age range of 9.5 to 27.6 years (Raznahan et al. 2011; Wierenga 
et al. 2014), we did not model quadratic effects of age. To model associations with ADHD 
symptoms within the main model, a fixed effect was included for symptom count (within-
subject repeated measures), plus all possible interactions. All continuous predictors were 
mean-centred before entering the model. Random intercepts were modelled to account 
for within-subject dependence (repeated measures) and within-family dependence in CT. 
Random slopes, to capture variability in CT change over time per participant and per family, 
could not be modelled given that we only had 2 observations. The significance threshold 
was set at p≤.05, and where relevant, we obtained values for adjusted means of effects and 
marginal pseudo R2 (variance explained by fixed effects). In the supplement, sensitivity 
analyses are described, checking the robustness of the results of the main model. These 
concern an analysis after the removal of influential cases and analyses controlling for the 
potentially confounding effects of gender, estimated IQ, socio-economic status, intra-
cranial volume, alcohol use, other drug use, oppositional defiant (ODD) and conduct 
disorder (CD) symptoms, anxiety and depressive disorders, and medication use. Finally, a 
supplemental analysis was performed in ADHD-affected participants only, to see whether 
the effect was present within this clinically relevant subgroup and to further confirm that 
the effect was not driven by affected/unaffected status.
Analysis aim 3: Effect of smoking on ADHD symptom development
To examine the influence of smoking on ADHD symptom development, a model was 
estimated with symptom count as the within-subject dependent variable and smoking, 
age and smoking × age as fixed factors (see supplement for model statement). A 
robustness check for this analysis is detailed in the supplement. To explore whether 
effects on symptom count were driven by a specific symptom domain, models were also 
estimated for inattention symptoms and hyperactivity-impulsivity symptoms separately. 
Post hoc analysis of onset of regular smoking
As a post hoc question, we were interested whether smoking onset and duration had an 
effect on our findings. Specifically, we were interested in separating smokers who started 
regular smoking before T1, from smokers who did not smoke regularly yet at T1, but started 
in between T1 and T2. Separating these groups sheds more light on the question whether 
differences in brain structure were already present before smoking onset or are more likely 
to be a consequence of regular smoking. To assess whether smokers who started regular 
smoking after T1 already had a thinner frontal cortex compared to non-smokers at that 
time point, we estimated a model for T1 with a fixed factor for smoking, consisting of 
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the categories ‘non-smokers’, ‘onset before T1’, and ‘onset after T1’. We further added the 
following fixed effects: age, symptom count, and all two-way interactions among these 
fixed effects. In the event of a significant effect of the smoking onset categories, post hoc 
pairwise comparisons were performed with Tukey’s correction for multiple comparisons 
between the three groups. In addition, to test for differences between the groups in the 
developmental slope of frontal CT, a model including both time points was specified 
(similar to the abovementioned main model). For completeness, pairwise comparisons at 
T2 are also reported.
Post hoc analysis of regional specificity
Post hoc tests were conducted to explore whether an effect was driven by specific 
frontal regions, or was seen more globally across the frontal cortex. To this end, the main 
model was estimated for the CT obtained for each of the frontal regions separately. We 
also looked at the possibility of a whole-brain effect by using total CT, across the whole 
brain, as an outcome measure. Since this analysis concerns post hoc exploration of the 
magnitude of effect per region, results focus on the coefficients of the smoking effect 
and their standard errors. For completeness, uncorrected p-values are presented for the 
effect of smoking per region, but are not interpreted. To enable comparison of findings 
with two longitudinal studies described in the introduction (Duriez et al. 2014; Van Haren 
et al. 2010), the supplement includes an additional analysis with total grey matter volume 
as the outcome measure.
Results
Aims 1 and 2: The effect of smoking on frontal cortical thickness 
development
Smokers had a 2.6% thinner frontal cortex compared to non-smokers. This main effect of 
smoking was significant (F
1, 92.1
=14.2, p<.001; coef=-0.035, SE=0.009). Additionally, there was 
a significant main effect of age (F
1, 156.1
=69.2, p<.001; coef=-0.014, SE=0.002), with a 2.6% 
reduction in frontal CT per 5 years of aging. These effects are shown in Figure 2. Moreover, 
Figure 2 shows that smokers did not differ in the rate of frontal cortical thinning over time 
relative to non-smokers, i.e., the interaction between smoking and age was not significant 
(F
1, 155.2
=0.003, p=.955). The main effect of symptom count contributed significantly to the 
model (F
1, 162.4
=6.35, p=.012; coef=0.003, SE=0.001). However, it must be noted that this 
effect was very small; the adjusted means showed an increase of 0.006% in frontal CT 
per additional 5 symptoms. We therefore chose not to interpret this effect further. The 
following effects included in the model were not significant: smoking × symptom count 
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(F
1, 150.0
=0.45, p=.503), age × symptom count (F
1, 134.3
=2.96, p=.088), and smoking × age × 
symptom count (F
1, 135.9
=0.55, p=.461). Together, all fixed factors in the main model explained 
38.6% of the variance in frontal CT (marginal pseudo R2).
figure 2  Development of average frontal cortical thickness in smokers and non-
smokers. Note: figure displays raw means and SEs.
Sensitivity analyses
In the supplement, we describe sensitivity analyses in which we examined the potentially 
confounding effects of gender, estimated IQ, socio-economic status, intra-cranial 
volume, problematic alcohol use, regular other drug use, ODD and CD symptoms, anxiety 
and depressive disorders, and medication use. None of these variables significantly 
affected the reported main effect of smoking on frontal CT. Furthermore, the main effect 
of smoking remained significant after exclusion of influential cases and after running the 
model in ADHD-affected participants only.
Aim 3: Effect of smoking on symptom development
Smoking had no significant effect on the developmental course of ADHD symptom count 
(interaction of smoking with age; F
1, 142.6
=0.14, p=.708). Yet, smokers had on average more 
symptoms (adjusted mean 9.5) relative to non-smokers (adjusted mean 6.3) (main effect 
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of smoking; F
1, 84.5
=7.86, p=.006; coef=1.58, SE=0.553). Age was also a significant predictor 
in the model (F
1, 140.1
=21.4, p<.001; coef=-0.42, SE=0.090); the symptom count declined with 
2.1 per 5 years of aging. The main effect of smoking remained significant after exclusion 
of influential cases (see supplement for details). Separate models revealed that smoking 
significantly predicted inattention symptoms (p<.001), but not hyperactivity-impulsivity 
symptoms (p=.113). Aging affected both inattention symptoms (p<.001) and hyperactivity-
impulsivity symptoms (p<.001). Effects are depicted in Figure 3.
figure 3  Development of inattention and hyperactivity-impulsivity symptoms in 
smokers and non-smokers. Note: figure displays raw means and SEs.
Post hoc analysis of onset regular smoking
Smoking onset had an effect on CT at T1 (F
2, 72.4
=10.6, p<.001), which is depicted in Figure 4. 
Pairwise comparisons indicated that the ‘novel’ smokers, who started regular smoking 
after T1 (n=13), did not yet differ significantly from the non-smokers (n=45) at T1 (t
79.0
=0.89, 
p
adj
=.646); but at that time point, they did exhibit higher frontal CT estimates relative to 
the ‘long-term’ smokers, who had been smoking regularly since before T1 (n=31) (long-
term smokers estimated at 5.9% thinner; t
78.6
=2.51, p
adj
=.038). By contrast, the long-term 
smokers already had a significantly thinner frontal cortex compared to the non-smokers 
at T1 (estimated at 3.9% thinner; t
64.5
=4.32, p
adj
<.001). In the developmental model 
including both time points, the interaction of the smoking onset categories with age was 
significant (F
2, 125.5
=3.07, p=.050). As can be seen in Figure 4, the decline in frontal CT with 
age seems steeper in the novel smokers compared to the other groups. At T2, the long-
term smokers differed significantly (p
adj
=.004) and the novel smokers non-significantly 
(p
adj
=.832) from non-smokers, and the smoking groups did not differ from each other 
(p
adj
=.592). Sample characteristics for novel and long-term smokers, including available 
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information on smoking behaviour, are displayed in Supplementary Table 1. We performed 
additional sensitivity analyses, described in the supplement, to account for potentially 
confounding differences between these groups. From these sensitivity analyses, we 
conclude that there may be some overlap between IQ (development) and CT development 
in the different groups. However, we cannot make claims on the causal direction of this 
effect and the possibility remains that smoking affects IQ via a reduction in CT.
Post hoc analysis of regional specificity
Table 2, containing the CT results per frontal region and for the total brain, shows that the 
highest t-values were observed in the right lateral and medial orbitofrontal cortices. The 
results from Table 2 reveal widespread effects across the frontal cortex and also at the 
total brain level. An additional analysis with total grey matter volume as opposed to CT 
as the outcome measure can be found in the supplement and yielded no evidence for an 
effect of smoking.
figure 4  Development of average frontal cortical thickness in non-smokers, smokers 
that started regular smoking before T1 (long-term smokers), and smokers that started 
regular smoking after T1 (novel smokers). Note: figure displays raw means and SEs.
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table 2  Effect of smoking on cortical thickness per frontal region and for the total brain
Regional cortical thickness  
outcome
coefficient 
smoking
SE t-value p-value of 
smoking 
factor  
(uncorrected)
Left caudal anterior cingulate -0.013 0.023 0.58 .569
Right caudal anterior cingulate 0.009 0.022 0.39 .707
Left caudal middle frontal -0.031 0.012 2.54 .015
Right caudal middle frontal -0.038 0.014 2.72 .009
Left lateral orbitofrontal -0.042 0.014 2.98 .004
Right lateral orbitofrontal -0.050 0.014 3.51  < .001
Left medial orbitofrontal -0.048 0.016 3.03 .004
Right medial orbitofrontal -0.060 0.017 3.46 .001
Left pars opercularis -0.047 0.015 3.21 .002
Right pars opercularis -0.048 0.016 3.08 .003
Left pars orbitalis -0.050 0.018 2.75 .008
Right pars orbitalis -0.030 0.020 1.52 .141
Left triangularis -0.038 0.014 2.79 .008
Right triangularis -0.042 0.015 2.88 .006
Left rostral anterior cingulate -0.033 0.024 1.37 .183
Right rostral anterior cingulate -0.067 0.023 2.97 .005
Left rostral middle frontal -0.034 0.012 2.82 .007
Right rostral middle frontal -0.030 0.011 2.82 .007
Left superior frontal -0.026 0.013 2.08 .045
Right superior frontal -0.037 0.012 3.15 .003
Left frontal pole -0.047 0.034 1.38 .181
Right frontal pole -0.072 0.026 2.73 .009
Left insula -0.023 0.015 1.59 .123
Right insula -0.032 0.016 2.02 .051
Total brain -0.028 0.009 3.12 .003
Note: p-values < .05 are depicted in bold. 
526354-L-bw-Akkermans
Processed on: 14-11-2018 PDF page: 80
80 Chapter 3
Discussion
The current study examined the interplay between tobacco smoking, brain development, 
and ADHD symptoms by investigating the longitudinal effect of smoking on frontal 
CT in adolescents and young adults with and without ADHD. Hereby, we attempted to 
disentangle cause and consequence in the relation of smoking and CT. We observed that 
smokers had a 2.6% thinner frontal cortex than non-smokers, but we found no difference 
in rate of thinning across the 3.4-year MRI measurement interval. We conducted an 
additional analysis separating novel smokers, who started regular smoking after the 
baseline scan, from long-term smokers, who had been smoking since before the baseline 
scan. This analysis revealed that the novel smokers were not significantly different from 
non-smokers at baseline, whereas the long-term smokers did already have a thinner 
frontal cortex compared to the non-smokers. Furthermore, our results suggested 
accelerated thinning in the novel smokers.   
Our main finding of a thinner frontal cortex in smokers is in line with previous reports 
describing CT and volume differences between smokers and non-smokers (Durazzo 
et al. 2013; Kühn et al. 2010; Li et al. 2015; Wang et al. 2015; Zhong et al. 2016). We also 
observed a relationship between smoking and total CT, which is in agreement with more 
widespread effects found in earlier studies (Wang et al. 2015). Of the frontal regions that 
we distinguished, the effect of smoking was strongest in the right orbitofrontal cortex 
(OFC). Notably, in two earlier studies, OFC volume correlated negatively with magnitude 
of tobacco exposure, implying a dose-dependent effect (Kühn et al. 2010; Li et al. 2015). 
Smaller OFC volumes have also been linked to other forms of substance use (e.g. Lotfipour 
et al. 2009; Smith et al. 2015; Tanabe et al. 2009), and the role of the OFC in addiction is 
further substantiated by a myriad of functional neuroimaging findings showing that OFC 
activity varies with drug expectation, craving, and addiction severity (Goldstein & Volkow 
2011; Jasinska et al. 2014). 
Results of our post hoc analyses suggest that the reductions in frontal CT observed in 
smokers were not yet present before the onset of regular smoking. We could not confirm 
accelerated thinning across the total group of smokers in our study, but the novel smokers 
exhibited a steeper decline in frontal CT with age compared to long-term smokers and 
non-smokers. Although this result warrants replication due to the low number of novel 
smokers, we speculate that this difference between novel and long-term smokers 
could be due to one of the following reasons, or a combination thereof. First, the long-
term smokers were older (mean age at T1 = 19.1 years) than the novel smokers (mean 
age at T1= 14.9 years), which could mean that the long-term smokers are more likely to 
have passed their most vulnerable period in adolescent brain development (Dwyer et al. 
2009). Second, while the exact biological mechanisms by which tobacco smoke affects 
grey matter structure are unclear (Chang et al. 2014), these could include mechanisms 
(for example in the cerebrovascular system, cytoarchitecture, or synaptic functioning) 
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that result in relatively steep changes in CT at first, but then become more stable. Our 
findings provide an important addition to the literature by contributing for the first time 
a longitudinal investigation in adolescents and young adults. This is crucial, since the 
neurotoxic effects of tobacco may depend on developmental stage (Dwyer et al. 2009). In 
one of the few previous longitudinal studies, elderly participants with a lifetime history of 
smoking displayed faster volume loss in several regions, among which the OFC, over two 
years (Durazzo et al. 2012). Two other studies, in middle-aged and elderly samples, did not 
observe associations of smoking with changes in global grey matter volume over periods 
of four and five years respectively (Duriez et al. 2014; Van Haren et al. 2010). This is perhaps 
not surprising, considering the fact that neurotoxic effects may vary between regions 
(Dwyer et al. 2009), with striatal regions often found to be unaffected or even larger in 
smokers (Das et al. 2012; Li et al. 2015). In agreement with this, we found no significant 
effect of smoking on total grey matter volume. Our results imply that CT constitutes a 
measure that is more sensitive to the effects of smoking than global volume.
As our second aim, we explored whether the influence of smoking on frontal CT 
development depended on ADHD severity. We proposed that smoking would have a 
larger impact on the frontal CT of individuals with more severe ADHD, as they would have, 
according to the literature, an already vulnerable frontal cortical structure. The results 
provided no support for this hypothesis, but considering the small number of ADHD-
unaffected participants in our sample the power to detect such an interaction could have 
been limited. Smokers and non-smokers were matched on number of ADHD-cases, and 
in line with the previously established heightened prevalence of smoking in individuals 
with ADHD (Groenman et al. 2013), most of the smokers in our study were ADHD-affected 
participants. The matched group design optimized our ability to draw firm conclusions 
about the progressive effect of smoking on frontal CT, while controlling for ADHD as an 
alternative explanation. Like smoking, ADHD has been related to thinner frontal cortical 
regions (e.g. Almeida et al. 2010; Fernández-Jaén et al. 2014; Makris et al. 2007; Silk et al. 
2016), although not consistently (Dirlikov et al. 2015; Schweren et al. 2015). However, our 
results argue that smoking leads to accelerated thinning of the frontal cortex independent 
of ADHD. This underscores the importance of taking into account smoking habits when 
comparing individuals with ADHD, or other neuropsychiatric disorders with high smoking 
rates, to healthy controls. 
Our third aim was to investigate whether smoking influenced the development of ADHD 
symptoms. We expected that if smoking speeded thinning of the frontal cortex, this could 
subsequently lead to exacerbation of ADHD symptoms. Although smokers had more 
ADHD symptoms overall, our results did not support a difference in the rate with which the 
number of ADHD symptoms declined in smokers relative to non-smokers. However, this 
seems in agreement with the fact that we did not find accelerated thinning of the frontal 
cortex across the whole group of smokers. It has been argued that neurobiological effects 
of smoking are likely to contribute to elevated levels of impulsivity seen in smokers, but 
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due to the complexity of this research there is limited support for this theory (De Wit 2008; 
DeBry & Tiffany 2008). More prospective research is required to confirm that smokers 
show similar rates of ADHD remittance as non-smokers.
Our findings should be considered in the context of some strengths and limitations. 
First, although we could confidently capture the general contrast of regular smoking 
versus non-regular smoking, we had limited opportunities to explore dose-dependent 
effects, since the NeuroIMAGE sample did not include precise measures on amount and 
frequency of smoking over time. Second, although two measurements over 3.4 years 
can already reveal valuable information regarding the progressive effect of smoking, 
studies with more time points and more sophisticated smoking measures are desired. 
This would further elucidate the causality question and allow for more precise mapping 
of trajectories of tobacco exposure onto the trajectories of CT development. Nevertheless, 
our study adds significantly to the literature by investigating for the first time the effect 
of smoking on frontal CT in adolescence and young adulthood using a longitudinal design. 
Furthermore, our design allowed us to examine the so far unexplored effect of smoking on 
ADHD symptom development. An additional strength of this study is the rigorous control 
for potentially confounding factors including: gender, estimated IQ, socio-economic 
status, intra-cranial volume, other drug use, ODD/CD symptoms, anxiety and depressive 
disorders, and medication use. 
To conclude, we confirmed previous reports of a thinner frontal cortex in smokers and 
showed that although smokers had more ADHD symptoms overall, smoking did not seem 
to influence the developmental course of ADHD symptoms. The results did not support 
an acceleration of frontal cortical thinning in the total group of smokers. However, post 
hoc analyses were indicative of speeded thinning in novel regular smokers, who did not 
differ from non-smokers at baseline. This suggests that a thinner frontal cortex was not a 
predisposing factor but rather a consequence of smoking. 
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Supplementary Information Chapter 3
The longitudinal cohort
Participants were part of a longitudinal cohort of ADHD-affected families and healthy 
control families. ADHD-affected families consisted of a proband with an ADHD diagnosis 
and their affected or unaffected siblings. The longitudinal cohort was first measured 
during the International Multicenter ADHD Genetics (IMAGE) study (wave 1, 2003-2006; 
Müller et al. 2011), which was followed by an intermediate follow-up on substance use 
(wave 2, 2008-2009; Groenman et al. 2013). After wave 2, the Dutch part of the cohort was 
invited for a follow-up study including magnetic resonance imaging (MRI) measures, 
the NeuroIMAGE study (in main paper T1, here wave 3, 2009-2012; von Rhein et al. 2015). 
Recently, an additional follow-up with MRI measures was conducted, the NeuroIMAGE II 
study (in main paper T2, here wave 4, 2013-2015).
Determining diagnostic status and symptom count
During waves 1, 3 and 4, diagnostic status was determined by semi-structured clinical 
interview (Dutch translation of the Schedule for affective disorders and schizophrenia for 
school-age children; K-SADS; Kaufman et al. 1997) with parent and child (if aged ≥ 12). This 
interview was used to establish ADHD diagnosis, as well as possible comorbid symptoms 
of other disorders among which oppositional defiant disorder (ODD), conduct disorder 
(CD), anxiety disorders and depression. When participants had a high score on one of the 
screen items of a particular disorder, the full supplementary module for that disorder 
was administered. Additionally, Conners’ ADHD questionnaires were used to enhance 
information on ADHD symptoms: the Conners’ Parent Rating Scale - Revised: Long version 
(CPRS-R:L; Conners et al. 1998a) for all participants, the Conners’ Teacher Rating Scale - Revised: 
Long version (CTRS-R:L; Conners et al. 1998b) for participants younger than 18 years, and the 
Conners’ Adult ADHD Rating Scales - Self-Report: Long Version (CAARS-S:L; Conners et al. 
1999) for participants of 18 years or over. Diagnosis of ADHD was determined by a diagnostic 
algorithm combining symptom counts from the interview and the questionnaires, which are 
both based on the 18 behavioural symptoms defined by the DSM-IV (American Psychiatric 
Association 2000). An ADHD diagnosis was given if the participant had 6 or more inattention 
and/or 6 or more hyperactivity-impulsivity symptoms. Siblings and healthy controls who 
did not display more than 3 symptoms in total were labelled ‘unaffected’. Siblings and 
healthy controls who did not meet criteria for ADHD or unaffected status were regarded as 
‘subthreshold ADHD’. Healthy controls with subthreshold ADHD during any of the waves were 
excluded from further analysis. More extensive information on the diagnostic procedures 
can be found in the NeuroIMAGE design paper (von Rhein et al. 2015). Next to the diagnostic 
status, symptom counts for the inattention (range 0-9) and hyperactivity-impulsivity (range 
0-9) domains were combined and used as continuous measure of ADHD severity (symptom 
count). In the event of missing information, the available interview and ADHD-questionnaires 
sources were still used to reach a diagnostic status and symptom count.
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Participant selection
We identified smokers and non-smokers in this cohort based on self-reported tobacco 
use during the last measurement (wave 4). More specifically, smokers confirmed to 
smoke regularly (daily or a couple of times a week) now, or to have smoked regularly in 
the past year. Wave 4 smoking status of smokers was checked for consistency with the 
parent-report and with the smoking question from the antisocial behaviour scale (see 
measures of tobacco use). Inconsistent cases were judged on a case-by-case basis, taking 
into account reports of previous waves. Smokers reporting quit attempts were included; 
only two reported to have recently quit successfully at wave 4. Non-smokers had to be 
free of any indication of regular smoking (monthly or more frequently) according to all 
reports on smoking obtained during their participation in the longitudinal cohort. To be 
included, participants had to have a structural MRI scan of sufficient quality available at 
the 2 waves with MRI-assessment (waves 3 and 4). One smoker was excluded based on 
average (waves 3 and 4) scan age SD > 2. For the remaining participants, a matched sample 
(as close as possible) of non-smokers was established by using the full matching option 
of the package MatchIT (Ho et al. 2011) in R (R Core Team 2014). Matching was performed on 
the variables gender, scan age (average wave 3 and 4), estimated IQ (average wave 3 and 4) 
and ADHD-status (affected during any of the waves/affected during none of the waves), 
allowing a ratio of non-smokers to smokers of 1.25:1. For the purpose of matching, siblings 
with subthreshold ADHD during any of the waves were regarded affected. The resulting 
groups of smokers and non-smokers did not differ significantly in the proportion of 
ADHD-affected participants as established by a chi-square test; smokers, 79.5%, non-
smokers, 71.1%, χ2=0.85, p=.356.
Measures of tobacco use
During the span of the longitudinal cohort study, several measures of tobacco use were 
obtained.
Wave 2:
Self-reported nicotine dependence was assessed with the Fagerström Test for Nicotine 
Dependence (FTND; Heatherton et al. 1991). Parents were interviewed about their children 
with the substance use disorder module of the Diagnostic Interview Schedule for Children 
(DISC-IV; Shaffer et al. 2000), which is based on the DSM-IV criteria for substance use disorder.
Wave 3:
Smoking was assessed with a self-report rating scale version of the antisocial behaviour 
interview (Loeber et al. 1989), which includes a question on frequency of tobacco use over 
the past half year (never, once or a few times, monthly, weekly, daily).
Wave 4:
During this wave, the FTND questionnaire and the antisocial behaviour scale were 
administered again. Furthermore, a parent-report version of the FTND was obtained. 
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Compared to wave 1, the FTND contained some additional variables that were used for our 
classification of regular smokers: “Do you smoke regularly (daily or a couple of times per 
week) now, or did you smoker regularly in the past year?” and “At what age did you start 
smoking regularly?”.
Measures of drug use 
During the span of the longitudinal cohort study, several measures of alcohol and drug 
use were obtained.
Wave 2:
Self-reported alcohol dependence was assessed with the Alcohol Use Disorders 
Identification Test (AUDIT; Saunders et al. 1993). Scores on the AUDIT can range from 0 to 
40, with a score of 8 or higher considered an indication for potentially problematic alcohol 
use. Participants also self-reported on their lifetime alcohol related problem behaviour 
using the short version of the Michigan Alcohol Screen Test (SMAST; Selzer et al. 1975). This 
scale has total scores ranging from 0 to 30, with a score of 3 or higher indicating possible 
alcohol dependence. Self-reported drug abuse was measured with the Drug Abuse 
Screening Test-20 (DAST-20; Gavin et al. 1989). The range of scores on this measure is 0-20, 
with a score of 5 or 6 as a recommended cut-off point for clinical practice. For the purpose 
of the sensitivity analysis, we use a more conservative cut-off of 3. In addition to the self-
report measures, parents were interviewed about their children with the substance use 
disorder module of the DISC-IV (Shaffer et al. 2000), which is based on the DSM-IV criteria 
for substance use disorder.
Wave 3: 
Participants completed the self-report rating scale version of the antisocial behaviour 
interview (Loeber et al. 1989), which includes some questions on frequency of cannabis 
and other drug use over the past half year (never, once or a few times, monthly, weekly, 
daily).
Wave 4:
During this wave, the self-report SMAST, self-report DAST-20 and the antisocial behaviour 
scale were administered again. In addition, parent-report versions of the SMAST and DAST-
20 were obtained.
Measure of estimated IQ
Estimated IQ was based on the vocabulary and block design subtests of the Wechsler 
Intelligence Scale for Children (WISC-III; Wechsler 2002) or Wechsler Adult Intelligence 
Scale (WAIS-III; Wechsler 2000), administered during waves 3 and 4. These subtests are 
thought to represent verbal and visual-spatial abilities respectively and together correlate 
highly with full-scale IQ (0.88 for WISC and 0.90 for WAIS) (Silverstein 1975, 1982). During 
the first wave participants were assessed on full-scale IQ and excluded when IQ < 70.
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Measure of socio-economic status
Socio-economic status (SES) was derived from the last successfully completed education 
level of the parents at wave 3. This education level was re-coded into a measure reflecting 
years of education, resulting in a scale with nine levels ranging from 0 (no formal 
education) to 17 (university) years of education (Buis 2010). The average of both parents 
was used, and the range of the current sample was 6 to 16 with an average of 11.4.
Details main analysis
One non-smoker was removed for being an outlier on the frontal cortical thickness 
composite measure (> 3 SD). To account for the dependence in the data (familial 
relationships and longitudinal measures), a linear mixed-effects modelling approach 
was taken using the package lme4 (Bates et al. 2015) in R. P-values for overall effects were 
computed through afex (Singmann et al. 2015) using conditional F tests with Kenward-
Roger approximation for degrees of freedom and Type III sums of squares. The following R 
code was used:
Aims 1 and 2:
frontal cortical thickness ~ smoking * age * symptom count + (1|participant) + (1|family)
Aim 3:
symptom count ~ smoking * age + (1|participant) + (1|family)
Checking general robustness
To check for general robustness of the results, we repeated the main model for the effects 
of smoking on average frontal cortical thickness (aim 1) in ADHD-affected participants 
only and after exclusion of influential cases (outliers with high influence on the model) 
based on Cook’s distance > 4/n. The model for the effect of smoking on ADHD symptoms 
(aim 3) was also checked for robustness by repeating it after exclusion of influential cases.
Controlling for alcohol and drug use
As a post hoc check, we aimed to determine whether smoking effects could also be 
explained by effects of other drugs. To this end, we performed versions of the main 
analysis either excluding participants with an indication of problematic alcohol use or an 
indication of regular cannabis or other drug use, at one or more waves of the longitudinal 
study. An indication of problematic alcohol use was assigned when a participant met one 
of the following criteria:
• Wave 2, DISC parent diagnostic interview criteria for alcohol abuse disorder
• Wave 2, self-report AUDIT score ≥ 8
• Waves 2 and 4, self-report SMAST score ≥ 3
• Wave 4, parent-report SMAST score ≥ 3
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Participants were labelled as regular cannabis or other drug users when one of the 
following criteria was met:
•  Wave 2, DISC parent diagnostic interview criteria for cannabis or other substance use 
disorder
• Waves 2 and 4, self-report DAST score ≥ 3
• Wave 4, parent-report DAST score ≥ 3
• Waves 3 and 4, self-report antisocial behaviour scale, frequency of drug use ≥ monthly
Controlling for gender, estimated IQ, SES, intra-cranial volume
We determined whether addition of IQ (main effect), SES (main effect), intra-cranial 
volume (ICV; main effect) or gender (main effect, interaction with smoking, and interaction 
with smoking and age) to the model changed the main result. Furthermore, we checked 
whether these covariates had a significant effect on the frontal cortical thickness. IQ, SES, 
ICV, and gender were added to the main model in separate models and not all at once. The 
factors IQ and ICV were time-varying (over wave 3 and 4) factors in the model, whereas SES 
was modelled as a stable factor.
Controlling for comorbid symptoms
For the purpose of the sensitivity analyses we focussed on the following comorbidities based 
on their presence in our cohort and their established relationship with smoking: ODD and 
CD (Upadhyaya et al. 2002), anxiety disorders (Jiang et al. 2014), and depressive disorders 
(Luger et al. 2014). ODD and CD symptoms were added to form a total ODD/CD symptom 
count. Participants who did not score on any of the ODD or CD screening items received a 
score of 0. The main analysis was performed after exclusion of participants with an ODD/CD 
symptom count > 5, during wave 3 or 4.  To check for the influence of anxiety and depressive 
disorders, we conducted the analysis with exclusion of participants who met DSM criteria for 
an anxiety or depressive disorder during wave 3 or 4 according to the K-SADS interview.       
Controlling for medication use
To create a dichotomous measure for medication use (yes/no), we used the self-reported 
and parent-reported information about medication use from wave 4. More specifically, 
if either the participant or parent reported that the participant had used medication for 
ADHD in the past 5 years, the answer ‘yes’ was scored. If both reported no medication use 
‘no’ was scored. In some instances, only one source was available (n=7) and 1 participant 
was excluded because both sources were missing. Subsequently, the main analysis was 
conducted with the main effect of medication use as a covariate.
Effect of smoking on total grey matter volume
We estimated the main model with total grey matter volume as the dependent variable. 
For the fixed effect of age, a linear predictor was included because it was found to best 
describe the data. Furthermore, considering known gender differences in total grey matter 
volume, we added the main effect of gender as a fixed effect.  
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Supplementary information: results 
See Table S2 for sample characteristics related to the sensitivity analyses. The main effect 
of smoking on average frontal cortical thickness was still significant after exclusion of 
influential cases (n=5; p<.001) and after running the model in ADHD-affected participants 
only (p<.001). Furthermore, the effect remained significant after excluding those with 
problematic alcohol use (excluded smokers n=10, non-smokers n=6; p=.002), after 
exclusion of regular cannabis or other drug users (excluded smokers n=21, non-smokers 
n=1; p=.001), after exclusion of participants with more than 5 ODD/CD symptoms (excluded 
smokers n=9, non-smokers n=1; p=.002), or after exclusion of participants with an anxiety 
or depressive disorder (excluded smokers n=6, non-smokers n=3; p=.001). Addition of SES, 
IQ, medication use, ICV, or gender did not change the main effect of smoking (all models 
p<.001). Furthermore, none of the covariates added significantly to the model (SES p=.152; 
IQ p=.055; medication use p=.058; ICV p=.140; gender p=.098, gender × smoking p=.722, 
gender × smoking × age p=.248). The model with total grey matter volume as the outcome 
yielded no significant effect of smoking (p=.063) but significant effects of age (p<.001) and 
gender (p<.001). The effect of smoking on ADHD symptoms was considered robust, as it 
was significant after removal of influential cases (n=4; p=.001).
Sensitivity analyses smoking onset categories
See Table S1 for sample characteristics related to the sensitivity analyses of smoking onset 
categories. The groups differed significantly in SES (p=.033) and marginally in IQ measured 
at T2 (p=.079). Therefore, we re-estimated the developmental model, which revealed a 
significant interaction (p=.050) between smoking onset categories (novel smokers, long-
term smokers, non-smokers) and age across T1 and T2, with the addition of either the main 
effect of SES or IQ. After addition of SES, the interaction between the groups and age was 
still significant (p=.046) and SES did not make a significant contribution to the model 
(p=.149). Adding IQ increased the p-value of the interaction between the groups and age 
to p=.058 and formed in itself a marginally significant contribution (p=.057). We conclude 
that there may be some overlap between IQ (development) and CT development in the 
different groups. However, we cannot make strong claims on the causal direction of this 
effect and the possibility remains that smoking affects IQ via a reduction in CT. 
Significance of differences between the groups in frequencies of mood disorders, ODD/
CD, problematic alcohol use, and regular cannabis or other drug use, could not be properly 
estimated due to the low numbers. Furthermore, excluding all participants with such 
comorbidities from this already low-powered analysis, would very likely render the 
interaction of interest non-significant. Therefore, we looked at influential cases in this 
model (outliers with high influence) based on Cook’s distance > 4/n and excluded those 
cases which had either of the above comorbidities (n=4). After removal of these 4 cases, 
the interaction between the smoking onset category groups and age was still significant 
(p=.043).
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Long-term smokers Novel smokers Non-smokers 1Difference test
GENERAL INFORMATION
n 31 13 45 -
Males, n 19 (61%) 9 (69%) 25 (56%) χ2=0.84, p=.656
ADHD symptom count at T1, M (SD) 9.71 (5.96) 10.54 (5.78) 7.27 (5.60) χ2=4.55, p=.103
ADHD symptom count at T2, M (SD) 7.94 (5.72) 8.46 (5.56) 6.09 (5.08) χ2=2.64, p=.268
2Age in years T1, M (SD) 19.1 (2.03) 14.9 (1.35) 17.6 (3.51) χ2=21.6, p<.001
3Age in years T2, M (SD) 22.6 (2.21) 18.3 (1.60) 20.9 (3.52) χ2=19.9, p<.001
Interval in years, M (SD) 3.43 (0.75) 3.39 (0.91) 3.37 (0.59) χ2=0.65, p=.722
Estimated IQ T1, M (SD) 99.1 (16.1) 94.5 (13.6) 99.8 (14.1) χ2=0.70, p=.706
Estimated IQ T2, M (SD) 97.0 (17.1) 89.5 (12.3) 100.8 (16.1) F(2,86)=2.61, p= .079
SES T1, M (SD) 11.6 (2.07) 10.0 (1.72) 11.6 (1.93) χ2=6.85, p=.033
ICV T1, M (SD) 1624839 (164131) 1584615 (149867) 1620923 (166462) F(2,86)= 0.30, p=.739
ICV T2, M (SD) 1621613 (165411) 1603077 (152719) 1622979 (164272) χ2=0.16, p=.925
4Used ADHD medication in past 5 years, n 15 5 20 χ2=0.52, p=.769
COMORBID CONDITIONS
5, 7Indication of problematic alcohol use, n 10 0 6 -
5, 7Indication of regular cannabis or other 
drug use, n
17 4 1 -
6, 7ODD/CD symptom count > 5, n 5 4 1 -
6, 7Anxiety disorder/depressive disorder, n 3/2 0/1 2/1 -
SMOKING INFORMATION
8“Do you smoke regularly (daily or a couple 
of times per week) now, or did you smoker 
regularly in the past year?” (T2, self-report)
Yes, n=31 Yes, n=13 - -
9Start age regular smoking in years, M (SD) 15.5 (1.46) 16.2 (1.30) - U=249, p=.213
9Estimated duration regular smoking in 
years, M (SD)
7.01 (2.59) 2.06 (0.93) - -
10Number of cigarettes per day  
(T2, self-report)
0-10, n=16
11-20, n=13
21-30, n= 2
0-10, n=9
11-20, n=3
21-30, n=1
- -
10Number of cigarettes per day  
(T2, parent-report)
0-10, n=11
11-20, n=10
Missing, n=10
0-10, n=7
11-20, n=5
Missing, n=1
- -
11Frequency of smoking in the past half  
year (T1, self-report)
Daily, n=21
Other, n=7
Missing, n= 1
12Never smoked, n=2
Daily, n=0
Other, n=3
Missing, n=3
Never smoked, n=7
- -
11Frequency of smoking in the past half  
year (T2, self-report)
Daily, n=21
Other, n=7
Missing, n=2
12Never smoked, n=1
Daily, n=7
Other, n=4
Missing, n=2
Never smoked, n=0
- -
table S1  Sample characteristics smoking onset categories
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1Differences between regular smokers, novel smokers, and non-smokers were tested by means of 
chi-square tests for frequencies, analysis of variance (ANOVA) or, if parametric assumptions were 
not met, the non-parametric Kruskal-Wallis test. For a non-parametric 2 group comparison a Mann-
Whitney-Wilcoxon test was used. 2The age range at T1 was 9.5 – 24.2. 3The age range at T2 was 12.9 
– 27.6. 4Reported at T2, see supplement for details. 5At any time point from initial inclusion, see 
supplement for details. 6Reported at T1 or T2, see supplement for details. 7Chi-square tests could 
not be performed due to cells with a minimum expected frequency < 5. 8Question that was added 
to the FTND and used for classification as smoker. 9Start age was reported without decimals. Since 
retrospective self-report data gets more distorted after longer intervals, we used the start age of 
regular smoking that was first reported during the course of the longitudinal study. In the event 
of a discrepancy between parent-reported and self-reported start age, the self-report data was 
followed. Duration was estimated as age at T2 minus start age. 10As assessed with the Fagerström 
Test for Nicotine Dependence (FTND; Heatherton et al. 1991). 11As assessed with a self-report rating 
scale version of the antisocial behaviour interview (Loeber et al. 1989). 12In a few instances smokers 
reported to never have smoked on this questionnaire. These inconsistent cases were judged on a 
case-by-case basis, taking into account all reports from previous waves. We concluded that these 
cases should be classified as smokers at these time points and that they might have reported 
‘never’ to avoid having to fill in another questionnaire. Abbreviations: CD – conduct disorder, FTND 
– Fagerström test for nicotine dependence, ICV – intracranial volume, ODD – oppositional defiant 
disorder, SES – socio-economic status. 
Waves Smokers Non-smokers 
n 44 45 
Males; n 28 25 
Estimated IQ; M (SD) 3 97.75 (15.35) 99.84 (14.09) 
Estimated IQ; M (SD) 4 94.75 (16.04) 100.82 (16.15) 
Socio-economic status; M (SD) 3 11.1 (2.08) 11.6 (1.93)
Indication of problematic alcohol use; n Any 10 6
Indication of regular cannabis or other  
drug use; n
Any 21 1
ODD/CD symptom count > 5; n 3, 4 9 1
Anxiety disorder/depressive disorder; n 3, 4 3/3 2/1
Used ADHD medication in past 5 years; n 4 20 20
Intra-cranial volume in mm3; M (SD) 3 1612955 (159397) 1620923 (166462)
Intra-cranial volume in mm3; M (SD) 4 1616136 (160221) 1622979 (164272)
table S2  Sample characteristics related to the sensitivity analyses
526354-L-bw-Akkermans
Processed on: 14-11-2018 PDF page: 95
Frontal cortical thickness development in smokers with/without ADHD 95
3
Function / statistic R package Reference
Matching of groups MatchIT version 2.4-21 Ho et al. (2011)
Convenience functions for linear mixed 
models 
afex version 0.15-2 Singmann et al. (2015)
Linear mixed models lme4 version 1.1-10 Bates et al. (2015)
Type-III analysis-of-variance tables car version 2.0-25 Fox & Weisberg (2011)
F-test and degrees of freedom based on 
Kenward-Roger approximation
pbkrtest version 0.4-4 Halekoh &  
Højsgaard (2014)
Marginal R2 (variance explained by fixed 
effects)
MuMIn version 1.15.6 Barton (2016)
Adjusted means of effects effects version 3.0-6 Fox (2003)
Cook’s distance Influence.ME version 
0.9-6
Nieuwenhuis et al. 
(2012)
Post hoc pairwise comparisons lsmeans version 2.20-23 Lenth (2015)
Graphics ggplot2 version 2.1.0 Wickham (2009)
Overview of R packages used 
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Abstract
Background  Attention-deficit/hyperactivity disorder (ADHD) is the most common 
comorbidity in individuals with Tourette syndrome (TS). Yet, it is unclear to what 
extent TS and ADHD show overlapping or distinct neural abnormalities. ADHD has 
been associated with altered reward processing, but there are very few studies on 
reward processing in TS. This study assessed neural activation of basal ganglia and 
thalamus during reward anticipation and receipt in children with TS and/or ADHD. 
Methods  We analysed mean activations of a priori specified regions of interest 
during an fMRI monetary incentive delay task. Data was used from 124 children aged 
8-12 years (TS n=47, of which 29 had comorbid ADHD; ADHD n =29; healthy controls 
n =48). 
Results  ADHD severity across ADHD and TS groups and healthy controls was margin-
ally related to hypoactivation of the right nucleus accumbens during reward anticipa-
tion; this effect was not moderated by TS diagnosis. We detected no associations of 
neural activation with TS.
Conclusions  The association between ADHD severity and hypoactivation of the 
right nucleus accumbens during reward anticipation, independent of the presence 
or absence of TS, is in line with the view of nucleus accumbens hypoactivation as a 
dimensional, neurofunctional marker of ADHD severity, transcending the boundaries 
of primary diagnosis.
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Introduction
Tourette syndrome (TS) is a neurodevelopmental disorder defined by the presence of 
motor and vocal tics (American Psychiatric Association 2013). Up to 86% of individuals 
with TS also present with psychiatric comorbidities at some point during their lifetime 
(Hirschtritt et al. 2015). Attention-deficit/hyperactivity disorder (ADHD) is the most 
common comorbidity (El Malhany et al. 2015), with a prevalence of approximately 50% 
in referred TS samples (Freeman et al. 2000). Both disorders have been associated with 
abnormalities in the basal ganglia (globus pallidus, GP; caudate nucleus, Cau; putamen, 
Put; nucleus accumbens, NAcc) and thalamus (Thal) (Cubillo et al. 2012; Ganos et al. 2013; 
Langen et al. 2011). However, due to a lack of direct comparisons it remains unclear to what 
extent these disorders have common and distinct neural underpinnings. The present 
functional magnetic resonance imaging (fMRI) study aimed to increase this understanding 
by investigating neural reward processing in children with TS and/or ADHD, and healthy 
controls.
The core symptoms of inattention and hyperactivity-impulsivity in ADHD, as well as 
related problems with motivation, delay aversion and risk-taking, have been hypothesized 
to be caused in part by altered reinforcement sensitivity, implicating basal ganglia regions 
(Dichter et al. 2012; Fareri et al. 2008; Ma et al. 2016). In fact, one of the most robust findings 
on altered brain function in ADHD is that adolescents and adults with ADHD display 
hypoactivation of the NAcc during the anticipation of monetary rewards (Boecker et al. 
2014; Plichta & Scheres 2014), although see Paloyelis et al. (2012) and von Rhein et al. (2015) 
for discordant results. Only two studies have focussed on children with ADHD, of which 
one could not confirm NAcc hypoactivation (Kappel et al. 2015). In the other study, NAcc 
hypoactivation was seen in children with ADHD symptoms irrespective of whether the 
primary diagnosis was ADHD or autism spectrum disorder (ASD; van Hulst et al. 2017). This 
suggests that NAcc hypoactivation could also be related to ADHD symptoms within other 
neurodevelopmental disorders, such as TS.
So far, reward processing has scarcely been investigated in TS. As TS is characterized by 
the presence of motor and vocal tics, most research has been devoted to delineating 
the contribution of the basal ganglia circuits to the generation and suppression of tics, 
and motor control in general. However, basal ganglia regions are also involved in reward 
processing (Fareri et al. 2008) and both tics and reward processing are thought to strongly 
depend on the dopamine system (Buse et al. 2013; Schultz 2015). Accordingly, it has been 
proposed that tic formation may result from inappropriate reinforcement and chunking 
of motor responses, possibly implicating altered phasic dopamine transmission in the 
dorsal striatum (Cau and Put) (Delorme et al. 2016; Ganos et al. 2013). Support for this 
theory comes in part from reinforcement learning paradigms. Using these paradigms, 
enhanced behavioural sensitivity to reward was shown in unmedicated adults with TS 
without comorbid ADHD, which was alleviated or even reversed by dopamine antagonists 
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(Delorme et al. 2016; Palminteri et al. 2009; Palminteri et al. 2011), although a contradicting 
finding was described by Marsh et al. (2004). Just one fMRI study has reported on 
reinforcement learning in TS (Worbe et al. 2011). Here, impaired reinforcement learning and 
lower neural response to reward receipt in NAcc and cortical reward areas were associated 
with more severe comorbid obsessive-compulsive symptoms and the use of dopamine 
antagonists, but not related to TS per se. The study was, however, conducted in adults, 
who may represent a subgroup of TS with a neurobiological signature distinct from that 
of children. Moreover, several important areas for TS and reward processing (left Put, Cau, 
GP, Thal) were not investigated. Therefore, further exploration of the theory of altered 
reinforcement sensitivity in TS is warranted.
Here, we examined neural reward processing in 8-to-12-year-old children with TS and/
or ADHD, thereby focusing on a scarcely investigated age group in which tics are most 
prevalent. Our first aim was to assess monetary reward anticipation for the first time in TS, 
by using a monetary incentive delay paradigm (MID; Haber & Knutson 2010). We expected 
to replicate the key finding of hypoactivation of the NAcc during reward anticipation in 
ADHD. Further, we hypothesized that this would also be seen in TS with comorbid ADHD, 
but not in TS without comorbid ADHD.
The MID paradigm also has a reward receipt phase which can probe activation of the 
dorsal striatum (e.g. Boecker et al. 2014), likely reflecting action reinforcement (Fareri et al. 
2008). Accordingly, our second aim was to explore the aforementioned theory of altered 
reinforcement sensitivity involving the dorsal striatum in TS. We also added other key TS 
regions to this exploration (GP, Thal). Based on the behavioural evidence of heightened 
reward sensitivity discussed above, we hypothesized hyperactivation of Cau or Put during 
reward receipt to be a characteristic of the TS groups, not shared with the ADHD-only group.
Tests for group differences presume underlying categorical mechanisms (Sonuga-Barke 
1998). However, ADHD characteristics are commonly present in other disorders and even in 
healthy controls, and it has been proposed that a dimensional view of ADHD may be more 
appropriate (Chabernaud et al. 2012). Accordingly, we also employed dimensional analyses 
based on ADHD severity, as they may reveal neurobiological mechanisms that remain 
otherwise undetected (Oldehinkel et al. 2016).
Materials and Methods
Participants
Our sample with usable data for analysis included participants with a diagnosis of 
TS with comorbid ADHD (TS+ADHD; n=33), participants with TS without comorbid 
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ADHD (TS-ADHD; n=14), participants with ADHD without tics (ADHD; n=29) and healthy 
controls (control; n=48). See Table 1 for group characteristics. Other data of this cohort 
has been reported elsewhere (Forde et al. 2017; Naaijen et al. 2017). Inclusion criteria for 
all participants were age 8-12 years, Caucasian descent, IQ>70, no major physical illness, 
no present or past neurological disorders or head injuries, and no contraindications for 
MRI. Participants with TS had a diagnosis of Tourette’s disorder or Persistent Motor or 
Vocal Tic Disorder (motor type) according to the DSM-5 (American Psychiatric Association 
2013) and were allowed psychiatric comorbidities such as obsessive-compulsive disorder 
(OCD). The ADHD and TS+ADHD groups included participants who met DSM-5 criteria 
for ADHD diagnosis or presented with subthreshold ADHD (defined as 4 or 5 symptoms 
in the inattention and/or hyperactivity-impulsivity domain). Exclusion criteria for the 
ADHD group were past or present tics, ASD, or OCD. Other common comorbidities (e.g. 
oppositional defiant disorder [ODD] or conduct disorder [CD]) were allowed. Healthy 
controls had to be free of psychiatric disorders and have scores within the normal range 
on the Child Behavior Checklist and Teacher Report Form (Achenbach & Rescorla 2001). 
Furthermore, they were not included if a first-degree family member was diagnosed with 
a psychiatric disorder. Procedures were approved by the regional ethics committee (CMO 
Regio Arnhem-Nijmegen). Written consent was obtained from parents/guardians and 
additionally written assent from the child when aged 12. Participants were asked to stop 
stimulant medication from 48 hours before the testing day (4 could not comply but were 
still included). Of the overall 152 participants that underwent fMRI assessment 28 were 
excluded based on fMRI quality (n=17; see supplement for details on quality assessment), 
incidental findings (n=1), and/or not following task instructions (n=13). 
Diagnostic and phenotypic information 
To assess ADHD diagnosis and screen for the presence of other psychiatric disorders, the 
Kiddie Schedule for Affective Disorders and Schizophrenia semi-structured interview 
(Kaufman et al. 1997) was administered to parents of all participants. In the event of an 
elevated score on one of the screening items, the full module for that disorder was applied. 
To confirm TS diagnosis and assess symptom severity in participants with TS, parent(s) 
and child were interviewed using the Yale Global Tic Severity Scale (Leckman et al. 1989). 
Additionally, the Children’s Yale-Brown Obsessive Compulsive Scale (Scahill et al. 1997) was 
administered to all participants with TS to examine the presence and severity of comorbid 
OCD symptoms (and to other participants in case an OCD screening item was answered 
positively). All interviews were carried out by trained and experienced researchers who 
were monitored by a child- and adolescent psychiatrist (JKB). Our outcome measure of 
ADHD severity was based on the Conners’ Parent Rating Scale – Revised Long (CPRS-RL; 
Conners et al. 1998), as completed by the parents. Parents further reported on past and 
present medication use (for more information see Table 1) and filled in the Repetitive 
Behavior Scale Revised (RBS-R; Lam & Aman 2007), to rate compulsive behaviours. Children 
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performed four subtests (block design, vocabulary, similarities, and picture completion) 
of the Wechsler Intelligence Scale for Children-III (Wechsler 2002), allowing an estimation 
of full-scale IQ. These latter measures were checked for their confounding influence in the 
sensitivity analyses.
table 1  Group characteristics
Control ADHD TS+ADHD TS-ADHD
N (males/females) 48 (32/16) 29 (12/17) 33 (29/4) 14 (12/2)
Age in years, M (SD) 11.0 (1.0) 10.8 (1.4) 10.8 (1.5) 10.6 (1.2)
aIQ, M (SD) 111 (11) 103 (10) 106 (13) 102 (12)
Handedness left/right, n 5/43 2/27 3/30 0/14
bHead motion, M (SD) 0.11 (0.08) 0.20 (0.12) 0.23 (0.18) 0.25 (0.23)
cADHD diagnosis/subthreshold, n 0/0 28/1 29/4 0/0
dADHD severity, M (SD) 4.3 (4.8) 27.9 (9.0) 27.6 (8.8) 9.6 (5.9)
eTic severity, M (SD) - - Total= 22.1 (9.1)
Motor= 14.4 (5.1)
Verbal= 7.7 (5.9)
Total= 18.5 
(7.2)
Motor= 12.9 
(3.9)
Verbal= 5.6 
(4.7)
eAge tic onset in years, M (SD) - - Motor= 5.9 (1.7)
Verbal= 6.6 (1.7)
Motor= 5.5 
(2.1)
Verbal= 6.7 
(1.9)
eDuration since tic onset in years, 
M (SD)
- - Motor= 4.9 (1.7)
Verbal= 4.2 (1.7)
Motor= 5.1 
(1.7)
Verbal= 3.9 
(1.8)
fOCD, n - 0 8 2
cODD/CD, n - 2/0 0/0 1/0
cGAD, n - 2 2 0
gMedication use, n
   Stimulant current/past
   Atomoxetine current/past
   Antipsychotic current/past
   Clonidine current/past
-
-
-
-
20/1
0/2
1/0
0/0
8/7
0/1
5/2
2/4
0/0
0/0
2/1
0/1
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Experimental paradigm
A modified version of the MID task (Boecker et al. 2014; Plichta et al. 2013) was used with 
fMRI assessment to measure neural responses to reward anticipation and receipt (see 
Figure 1 and supplement for task details). This task has been found to induce robust 
activation of the ventral striatum/NAcc (Plichta et al. 2012). In short, reward anticipation 
was established by presentation of a monetary reward cue, a happy smiley, indicating 
the possibility of receiving a monetary reward (€0.50 or boost of €2). For the contrast also 
verbal cues were presented, indicating that solely a verbal reward (‘‘Fast reaction!’’) could 
be obtained. Verbal cues consisted of scrambled smileys. To win the trial, participants 
were required to perform a fast button press in response to a flash that followed the 
cue. Verbal or monetary feedback was shown at the end of the trial and included the 
current account balance to be transferred to the parent’s bank account at the end of the 
experiment. 
Behavioural analyses
Behavioural outcome measures for monetary and verbal reward conditions included mean 
reaction time (MRT), coefficient of variation, and percentage of hits. To establish whether 
anticipation of monetary reward resulted in faster responses than anticipation of verbal 
reward (response time speeding; MRT verbal minus MRT monetary), we performed a paired 
t-test on differences between verbal and monetary conditions in MRT across all groups 
(i.e. controls, ADHD, TS+ADHD, TS-ADHD). Within group outliers > 3 SD on response time 
speeding were excluded. Descriptive statistics of the performance measures are presented 
for the groups separately, along with the corresponding tests for group differences in 
means (see Table 2 for more information).
Additionally, we tested in a regression (dimensional) model whether ADHD severity or 
presence of TS was associated with the degree of response time speeding. The raw 
aEstimated from 4 Wechsler Intelligence Scale for Children-III (Wechsler, 2002) subtests. bHead mo-
tion is defined as the mean root mean square of the frame-wise displacement across functional 
scans (Jenkinson et al. 2002). cEstablished through the Kiddie Schedule for Affective Disorders and 
Schizophrenia semi-structured interview (Kaufman et al. 1997). dRaw scores of the DSM-IV combined 
subscale of the Conners’ Parent Rating Scale – Revised Long (Conners et al. 1998). eDetermined with 
the Yale Global Tic Severity Scale (Leckman et al. 1989). Total, motor, and vocal tic severity ratings ex-
clude impairment score. fTotal score ≥ 16 on the Children’s Yale-Brown Obsessive Compulsive Scale 
(Scahill et al. 1997). gAs determined from parental report. Abbreviations: ADHD – attention-deficit/
hyperactivity disorder, CD – conduct disorder, OCD – obsessive-compulsive disorder, GAD – gener-
alized anxiety disorder, ODD – oppositional defiant disorder, TS+ADHD – Tourette syndrome with 
comorbid ADHD, TS-ADHD – Tourette syndrome without comorbid ADHD.
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scores of the CPRS-RL DSM-IV combined subscale were used as a continuous measure 
of ADHD severity, with scores present for all participants. For TS, a dichotomous factor 
seemed more appropriate due to absence of tics in the ADHD and control groups. We 
further included a linear interaction term TS × ADHD severity, to test whether the effect of 
ADHD was moderated by the presence of TS or vice versa. In case the interaction term was 
non-significant, it was dropped from the model. For all statistical tests, the significance 
threshold was set at p ≤ .05.
figure 1  Monetary incentive delay task. Monetary or verbal reward is cued by a laughing 
or scrambled smiley, respectively. To obtain the reward, participants have to respond with a 
fast button press to a flash. The response is followed by either monetary or verbal feedback. 
Adapted with permission from Boecker et al. (2014).
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table 2  Task performance per group
Regions of interest
For the following a priori specified regions of interests (ROIs) we created subject-specific 
anatomical masks using the FSL-FIRST toolbox for automatic subcortical segmentation 
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST; Patenaude et al. 2011): NAcc, Cau, anterior 
putamen (AntPut), posterior putamen (PostPut), GP, and Thal. Left and right volumes 
were analysed separately. We took into account that the anterior and posterior regions of 
the putamen are functionally distinct (e.g. von Rhein et al. 2016) and used a line through 
the anterior commissure as a reference point to label the anterior and posterior parts of 
the putamen. We left a gap of 4 mm between these parts to minimize signal overlap. For 
outliers (> 3 SD) on the volumes of the ROIs we visually inspected FSL-FIRST output for 
evident segmentation errors. This resulted in the exclusion of one participant for the left 
NAcc analysis. Examples of ROIs are displayed in Figure 2.
Control
M (SD)
ADHD
M (SD)
TS+ADHD 
M (SD)
TS-ADHD
M (SD)
Differ-
ence testa
MRT verbal reward in ms 309.3 (45.95) 352.2 (67.45) 346.6 (77.3) 347.5 (83.5) χ2=11.38; 
p=.010
ADHD > C
MRT monetary reward 
in ms
264.4 (34.1) 300.8 (49.2) 303.0 (73.6) 287.4 (37.3) χ2=12.17; 
p=.007
ADHD > C
bResponse time speed-
ing in ms
44.9 (39.0) 51.3 (59.7) 43.6 (65.3) 60.1 (79.2) χ2=0.55; 
p=.909
CV verbal 0.44 (0.21) 0.49 (0.22) 0.54 (0.18) 0.54 (0.22) χ2=5.09; 
p=.166
CV reward 0.51 (0.16) 0.49 (0.17) 0.57 (0.15) 0.55 (0.19) χ2=5.66; 
p=.129
cHits verbal reward in % 42.3 (6.9) 38.6 (7.1) 41.3 (9.2) 41.2 (8.5) χ2=4.26; 
p=.235
cHits monetary reward 
in %
58.7 (9.2) 60.5 (6.6) 59.5 (8.8) 58.7 (9.2) F=0.20; 
p=.894
aGroup differences were examined by means of an analysis of variance (ANOVA) or, if parametric 
assumptions were not met, the non-parametric Kruskal-Wallis test. Wilcoxon rank-sum tests were 
used for post hoc comparisons of the Kruskal-Wallis test. bMRT of the verbal reward condition minus 
MRT of the monetary reward condition. cHits are responses to the flash within the reaction time 
window. Abbreviations: ADHD – attention-deficit/hyperactivity disorder, C – Control, MRT – mean 
reaction time, CV – coefficient of variation, TS+ADHD – Tourette syndrome with comorbid ADHD, 
TS-ADHD – Tourette syndrome without comorbid ADHD.
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figure 2  Regions of interest. The regions of interest displayed here are an example from 
one participant overlaid on an MNI152 template brain. Legend: white – thalamus, blue – glo-
bus pallidus, red – caudate nucleus, pink – nucleus accumbens, yellow – anterior putamen, 
green – posterior putamen.
FMRI participant-level analyses
Functional scans were pre-processed using a pipeline integrating FSL tools (https://fsl.
fmrib.ox.ac.uk/fsl/; see supplement for details on image acquisition, pre-processing, 
and quality checks). A first-level analysis for each participant was conducted in 
Statistical Parametric Mapping software (SPM12; http://www.fil.ion.ucl.ac.uk/spm/; 
see supplement). Here, contrast images for reward anticipation (monetary reward cue 
minus verbal cue) and receipt (both win feedback conditions minus both no-win feedback 
conditions) were created for each participant. Then, mean values of contrast estimates for 
anticipation or receipt were extracted from the ROIs using the SPM_summarise function 
and imported into R statistics (R Core Team, 2014) for subsequent group-level analyses.
FMRI group-level analyses
To check whether general whole-brain task effects were in accordance with reward 
processing literature, activation maps were created by performing one-sample t-tests 
across the whole sample on the reward anticipation and receipt contrast images. ROI 
analyses consisted of two parts: 1) Examine the hypothesis that ADHD is associated with 
hypoactivation in the NAcc during reward anticipation. 2) Test whether TS is associated 
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with hyperactivation of Cau, AntPut, PostPut, GP or Thal during reward receipt. For both 
aims, we used a categorical approach and additionally explored a dimensional approach. 
For each ROI outcome measure (mean contrast estimate of reward anticipation or 
receipt) we excluded within group outliers > 3 SD. Group differences were examined by 
means of an analysis of variance (ANOVA) or, if parametric assumptions were not met, 
the non-parametric Kruskal-Wallis test. Wilcoxon rank-sum tests were used for post hoc 
comparisons of the Kruskal-Wallis test. Regression (dimensional) models were specified 
with ADHD severity, TS and their interaction as predictors across the whole sample. The 
same modelling approach was used as described above for the analysis of response time 
speeding. We further used bootstrapping (2000 replicates) to confirm 95% confidence 
intervals of regression estimates (more robust against violations of assumptions) which 
are visualized in the figures where applicable. Reward anticipation and reward receipt 
analyses were corrected for multiple comparisons (number of ROIs) using the Meff 
(effective number) of independent tests according to the method described by Li & Ji 
(2005). This method accounts for the dependency between measurements of different 
ROIs.
Sensitivity analyses
For significant ROI models we checked whether the significant predictors had explanatory 
value over and above that of potential confounders by means of a 2-step hierarchical 
regression procedure. The following potential confounders were included in the first 
step: sex, age, IQ, handedness, head motion (RMS-FD), ODD/CD diagnosis (yes/no), 
generalized anxiety disorder diagnosis (yes/no), RBS-R compulsive behaviour subscale 
score, stimulant use (never/past/current), and antipsychotics use (never/past/current). 
In the second step, the predictor of interest was added, and significance of model fit 
improvement was assessed with analysis of variance.
Results
Behavioural results
See Table 2 for descriptive statistics of task performance measures per group (i.e. controls, 
ADHD, TS+ADHD, TS-ADHD) and the accompanying tests for group differences. There were 
no differences in percentage of hits for monetary rewards (average payoff ~ €15). The ADHD 
group responded on average slower compared to controls. Across all groups, participants 
responded on average 46 ms faster in the monetary compared to the verbal condition; 
t(123)=9.8, p<.001. Response time speeding was not associated with TS, ADHD severity or 
their interaction (all model p-values ≥ .161).
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FMRI results
Whole-brain task activation
Across all participants, reward anticipation (monetary cue minus verbal cue conditions) 
elicited increased activity in several brain areas typically associated with reward processing 
(Boecker et al. 2014; Plichta et al. 2013) including the bilateral NAcc extending into the Thal, 
Cau, AntPut, and GP (see Figure 3A). During reward receipt (win feedback minus no-win 
feedback), higher activity was observed in the bilateral Put extending into NAcc and Cau 
(amongst other regions; see Figure 3B).
figure 3  Monetary incentive delay task activation results for A) reward anticipation 
(monetary cue > verbal cue) and B) reward receipt (win feedback > no-win feedback). Re-
sults come from one-sample t-tests across the total sample thresholded at p<.05 corrected 
for the familywise error rate (FWE). 
ROIs reward anticipation
Two participants were excluded as outliers for the right NAcc analysis and one for the left 
NAcc analysis. Kruskal-Wallis tests did not yield significant differences between ADHD, 
TS+ADHD, TS-ADHD, and control groups for the right (χ2=3.49, p=.322) or the left (χ2=1.05, 
p=.788) NAcc. No dimensional model significantly predicted anticipatory activity of the 
left NAcc (simplest model p=.821). For the right NAcc anticipatory activity, a model without 
interaction term bordered on the significance threshold of α=.05; F(2,119)=3.0, p=.052, 
R2=.048; p
adjusted
=.066 when adjusted for the effective number of tests (M
eff
=1.27). Within 
this model, ADHD severity was negatively associated with activity of the right NAcc 
(β=-0.22, p=.023), and no main effect was found for TS diagnosis (p=.949). The relationship 
between ADHD severity and right NAcc response during reward anticipation is depicted in 
Figure 4. Adding ADHD severity to a right NAcc model with potential confounders resulted 
in a trend level improvement in model fit (p=.062). 
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figure 4  A) Association between ADHD severity and right nucleus accumbens reward 
anticipation estimates. ADHD severity reflects raw scores of the DSM-IV combined subscale 
of the Conners’ Parent Rating Scale – Revised Long (Conners et al. 1998). Dashed regression 
lines represent the bootstrapped 95% confidence interval of the regression estimate from 
the model estimated for the total sample. Coloured regression lines are plotted for the 
groups separately for illustrative purposes. B) Average right nucleus accumbens reward 
anticipation estimates per group. Error bars denote SE. Abbreviations: ADHD – attention-
deficit/hyperactivity disorder, TS – Tourette syndrome, TS+ADHD – Tourette syndrome with 
comorbid ADHD, TS-ADHD – Tourette syndrome without comorbid ADHD.
ROIs reward receipt
There were no significant differences between ADHD, TS+ADHD, TS-ADHD and control 
groups (all models p>.05, range p=.059-.781). However, the left GP ANOVA bordered on 
significance (F
3,120
=2.55, p=.059. R2=.060), and pairwise comparisons showed a trend for 
higher activation of left GP in all groups compared to controls (ADHD, p=.047; TS+ADHD, 
p=.073; TS-ADHD, p=.026). In the dimensional models, ADHD severity, TS diagnosis, 
or their interaction did not predict the mean response to reward receipt of any of the 
ROIs (all models p>.05, range p=.188-.933 for simplest models), except for the left GP; 
F(2,121)=3.1, p=.047, R2=.049. In this model, higher ADHD severity was marginally related 
to higher activity of the left GP during reward receipt (β=0.17, p=.067), and no main effect 
was found for TS diagnosis (p=.326). However, the model did not survive corrections for 
multiple comparisons (p
adjusted
=.261 based on M
eff
=5.55). The GP effects are displayed in 
Figure 5. Adding ADHD severity to a left GP model with potential confounders resulted in a 
significant improvement in model fit (p=.038).
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●●
●
●
●
●
●
0
5
10
15
0 10 20 30 40 50
ADHD severityc
on
tra
st
 e
st
im
at
e 
rig
ht
 n
uc
le
us
 a
cc
um
be
ns ● Control ADHD TS
0
1
2
3
Control ADHD TS+ADHD TS−ADHD
groupc
on
tra
st
 e
st
im
at
e 
rig
ht
 n
uc
le
us
 a
cc
um
be
ns
A) B)
526354-L-bw-Akkermans
Processed on: 14-11-2018 PDF page: 114
114 Chapter 4
figure 5  A) Association between ADHD severity and left globus pallidus reward receipt 
estimates. ADHD severity reflects raw scores of the DSM-IV combined subscale of the 
Conners’ Parent Rating Scale – Revised Long (Conners et al. 1998). Dashed regression lines 
represent the bootstrapped 95% confidence interval of the regression estimate from the 
model estimated for the total sample. Coloured regression lines are plotted for the groups 
separately for illustrative purposes. B) Average left globus pallidus reward receipt es-
timates per group. Error bars denote SE. Abbreviations: ADHD – attention-deficit/hyper-
activity disorder, TS – Tourette syndrome, TS+ADHD – Tourette syndrome with comorbid 
ADHD, TS-ADHD – Tourette syndrome without comorbid ADHD.
Discussion
The current study addressed neural reward processing in children with TS (with/without 
comorbid ADHD), ADHD, and healthy controls. In line with our first hypothesis, we 
detected a marginally significant relationship between ADHD severity and hypoactivation 
of the right NAcc during reward anticipation, an effect which was independent of the 
presence or absence of TS. We found no support for our second, exploratory hypothesis of 
a relationship between TS and hyperactivation of the Cau, Put, GP, or Thal during reward 
receipt. Yet, although not surviving correction for multiple comparisons, there was some 
indication that the (left) GP constitutes a promising target for future investigations of TS/
ADHD comorbidity and reward receipt. Due to the tentative nature of this result, we chose 
not to interpret it further. Behaviourally, the ADHD group responded generally slower than 
controls, but no differences were seen with the TS groups.
The observed association between NAcc hypoactivation and ADHD severity was 
marginally significant and as such warrants replication. Nevertheless, it is consistent 
with a substantial body of work in adolescent and adult ADHD samples (Boecker et al. 
2014; Plichta & Scheres, 2014), although see Paloyelis et al. (2012) and von Rhein et al. (2015). 
Right lateralization of NAcc reward processing also constitutes a familiar phenomenon 
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(Nymberg et al. 2013; van Hulst et al. 2017). We extend upon earlier work by corroborating 
NAcc hypoactivation in children aged 8-12 years, a scarcely studied age group yielding 
inconsistent previous reports (Kappel et al. 2015; van Hulst et al. 2017). The findings in 
children imply that alterations in reward pathways are a central characteristic of ADHD 
and do not just represent a marker of a more persistent subtype (van Hulst et al. 2017). 
Moreover, the fact that the relation between ADHD severity and NAcc hypoactivation 
was independent of main categorical diagnosis (TS or ADHD) supplements a similar 
observation of NAcc hypoactivation in both ADHD and ASD with comorbid ADHD (van 
Hulst et al. 2017). Lastly, in the current study a dimensional analysis appeared to be more 
sensitive in detecting a NAcc effect than a categorical analysis of group differences. 
Together, the above supports the notion of ADHD severity as a dimensional construct with 
NAcc hypoactivation during reward anticipation as a neurofunctional marker, irrespective 
of main diagnosis. 
The findings showed no relationship between NAcc activation during reward anticipation 
and TS. However, the classical and still dominant view of TS is that it involves excessive 
dopamine signalling in the striatum (Buse et al. 2013; Maia & Conceição 2017). Moreover, 
the BOLD signal in the NAcc is thought to reflect dopamine release (Knutson & Gibbs 
2007) (although no one-to-one relationship was found by Lohrenz et al. 2016). Therefore, 
one might argue that altered reward-related NAcc activation was also to be expected 
in TS. Yet, the NAcc/ventral striatum has been implicated in TS to a lesser extent than 
the dorsal striatum including the Cau and Put (Langen et al. 2011; Yael et al. 2015). It has 
been suggested that comorbid conditions in TS may result from a more widespread 
pathophysiology, extending from the dorsal (motor) striatum to the ventral (limbic) 
striatum (Yael et al. 2015). This spatial explanation would be in line with our finding of an 
association between right NAcc activation and ADHD severity. On the neurotransmitter 
level, however, the comorbidity of TS with ADHD, supposedly involving reduced as opposed 
to increased striatal dopamine release, is not straightforward to explain (Buse et al. 2013). 
An intriguing explanation would be that TS with comorbid ADHD constitutes a different 
neurobiological subtype of TS, sharing important underlying mechanisms with ADHD. 
The fact that the dopamine reuptake inhibitor methylphenidate has been found to be an 
effective treatment for ADHD within TS, generally without exacerbating tics (Groenman 
et al. 2017), provides some support for this view. Based on the present study we cannot 
make suggestions about whether TS with comorbid ADHD is more similar to TS or ADHD in 
terms of dopaminergic functioning. We recommend future studies to replicate the NAcc 
result and further focus on the contribution of dopamine dynamics to NAcc functioning 
in TS and/or ADHD. 
We found no support for our hypothesis of hyperactivation of the Cau, Put, GP, or Thal 
during reward receipt in TS. This is consistent with the only other study of neural activation 
during reward receipt in TS, although in that study the left Put, Cau, GP, and Thal were not 
investigated (Worbe et al. 2011). Together, these functional neuroimaging results do not 
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point to a role for altered neural processing of reward outcome in TS. However, some recent 
behavioural studies did report increased appetitive reinforcement learning and habit 
formation in adults with TS without ADHD (Delorme et al. 2016; Palminteri et al. 2009; 
Palminteri et al. 2011), which has been proposed to result from abnormal reinforcement 
signals in the dorsal striatum. Yet, decreased instead of increased habit learning was seen 
in children with TS (Marsh et al. 2004). Discrepancies within and between neuroimaging 
and behavioural findings could be due to variation in age and in paradigms used. For 
example, the current MID paradigm differs from the abovementioned studies in that 
stimulus-response associations are instructed as opposed to learned and is hence not 
designed to uncover behavioural abnormalities in reinforcement learning. More work is 
needed to elucidate where the behavioural evidence of atypical reinforcement learning in 
TS converges and what could be the underlying neural mechanisms.
The present study should be regarded in light of its strengths and limitations. First, our 
sample contained few participants with TS without comorbid ADHD. Therefore, the 
power to detect a specific TS effect may have been limited. As a second limitation, our 
sample contained imbalances: an overrepresentation of males and obsessive-compulsive 
comorbidity in the TS group, lower IQ in both patient groups, and different medications 
used. These imbalances, however, match known characteristics of these groups and 
controlling for these potential confounders did not change the results. The main strengths 
were the age range of 8-12 years, a period during which tics are most prevalent, and the 
combined sample of individuals with TS and/or ADHD, making this study an important 
step into newly-chartered territory focusing on neural reward processing in TS and its 
overlap with ADHD.
To conclude, we found that ADHD severity was marginally related to hypoactivation of the 
right NAcc during reward anticipation, independent of the presence or absence of TS. This 
is in line with the view of NAcc hypoactivation as a dimensional, neurofunctional marker 
of ADHD symptoms, irrespective of primary diagnosis. No associations between TS and 
neural reward processing were detected.
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Supplementary Information Chapter 4
Monetary incentive delay task
A modified version of the monetary incentive delay task (Boecker et al. 2014; Plichta et al. 
2013) was used with fMRI assessment to measure neural responses to reward anticipation 
and receipt (see Figure 1 of main manuscript). This task has been found to induce robust 
activation of the ventral striatum/nucleus accumbens (Plichta et al. 2012). Reward 
anticipation was established by presentation of a monetary reward cue, a happy smiley, 
indicating the possibility of receiving a monetary reward (0.50 euro). Verbal cues consisted 
of a scrambled smiley and indicated that solely a verbal reward (‘‘Fast reaction!’’) could 
be obtained. To win the trial, participants were required to press a button with their 
right index finger as fast as possible in response to a flash that followed the cue. The 
response window for a win (the same for monetary and verbal conditions) was adapted 
(made 5% shorter or longer) based on the participant’s performance, to account for inter-
individual differences and to prevent large variations in amount won across participants. 
The response window was maximally 1 sec long. Verbal or monetary feedback was shown 
at the end of the trial and included the current account balance. To boost the child’s 
motivation level, a monetary reward of 2 instead of 0.50 euro was given approximately 
every eighth monetary win. The task was ~10 minutes in duration and consisted of in total 
36 monetary and 34 verbal trials in pseudo-randomized order. Jitter was introduced in cue 
duration (3-5 sec) to cover the entire hemodynamic response function (HRF). Outside of 
the scanner, participants were instructed in the meaning of the cues and were told that 
the total amount of money won during the task would be transferred to their parent’s 
bank account. Furthermore, they performed 10 practice trials on a laptop. 
Image acquisition 
MRI assessments were carried out on a 3T MR scanner (Siemens Prisma, Erlangen, 
Germany) with a 32-channel head coil. MID task T2-weighted functional scans were 
acquired with an EPI sequence using the following parameters:  TR=2100 ms, TE=35 ms, 
voxel size=3.0×3.0×3.0 mm, FOV=192 mm, flip angle=74˚, acceleration factor=2, 36 slices in 
descending order interleaved, 296 volumes. Reference T1-weighted anatomical scans were 
obtained with a MPRAGE parallel imaging sequence (TR=2300 ms, TE=2.98 ms, TI=900 ms, 
voxel size=1.0×1.0×1.2 mm, FOV=256 mm, flip angle=9˚, slices=176, acceleration factor=2). 
Participants were first familiarized with the MRI context in a mock scanner. In the real 
scanner, the head of the participant was stabilized with cushions and a piece of tape was 
applied across their forehead to increase awareness of movement during scanning. 
Image pre-processing
Functional scans were pre-processed using a pipeline integrating tools from the FMRIB 
Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl). The first 5 volumes were removed to 
account for equilibration effects. The pipeline further involved head movement correction 
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via realignment to the middle volume (MCFLIRT; Jenkinson et al. 2002), grand mean scaling, 
and spatial smoothing using a Gaussian kernel with a full width at half maximum (FWHM) 
of 6 mm. Additionally, we applied ICA-AROMA (Pruim et al. 2015a; Pruim et al. 2015b) to 
identify and eliminate signal components corresponding to secondary head motion-
related artefacts, nuisance regression to remove signal from cerebrospinal fluid and white 
matter, and high-pass filtering (100 sec). Resulting functional images were co-registered 
to the respective participants’ anatomical scan using boundary-based registration within 
FSL-FLIRT (Greve & Fischl 2009). The anatomical scan was spatially normalized by means 
of 12-parameter affine transformation into MNI152 standard space, which was refined by 
non-linear registration with FSL-FNIRT (Andersson et al. 2010). By applying the resulting 
warp fields to the concatenated functional image, this image was also brought into 
standard space. In total 17 participants (ADHD n=10, TS n=3, Control n=4) were excluded 
based on fMRI quality criteria including: ghosting artefacts, belonging to the 5% with on 
average the most head motion based on the mean root mean square of the frame-wise 
displacement across functional scans (Jenkinson et al. 2002) (RMS-FD > 0.76), and having a 
maximum frame-wise displacement larger than 6 mm (2 voxels).
FMRI participant-level analysis
A first-level analysis for each participant was conducted in Statistical Parametric Mapping 
software (SPM12; http://www.fil.ion.ucl.ac.uk/spm/). Regressors were generated for the 
eight task conditions/processes (monetary cue, verbal cue, flash, response, win monetary 
feedback, win verbal feedback, no-win monetary feedback, and no-win verbal feedback) 
by convolving a delta function, reflecting the condition’s onset time, with a canonical 
hemodynamic response function. A model containing these regressors was estimated 
in the context of the general linear model. Then, contrast images (contrasted parameter 
estimates) for reward anticipation (reward cue minus verbal cue) and receipt (both win 
feedback conditions minus both no-win feedback conditions) were created for each 
participant.
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Abstract
Background  Autism spectrum disorder (ASD) and obsessive-compulsive disorder 
(OCD) are neurodevelopmental disorders with considerable overlap in terms of their 
defining symptoms of compulsivity/repetitive behaviour. Little is known about 
the extent to which ASD and OCD have common versus distinct neural correlates 
of compulsivity. Previous research points to potentially common dysfunction in 
frontostriatal connectivity, but direct comparisons in one study are lacking. Here, 
we assessed frontostriatal resting state functional connectivity in youth with ASD 
or OCD, and healthy controls. In addition, we applied a cross-disorder approach to 
examine whether repetitive behaviour across ASD and OCD has common neural 
substrates. 
Method  A sample of 78 children and adolescents aged 8-16 years was used (ASD n=24; 
OCD n=25; healthy controls n=29), originating from the multicentre study COMPULS. 
We tested whether diagnostic group, repetitive behaviour (measured with the 
Repetitive Behavior Scale-Revised), or their interaction, was associated with resting 
state functional connectivity of striatal seed regions. 
Results  No diagnosis-specific differences were detected. The cross-disorder analysis, 
on the other hand, showed that increased functional connectivity between the left 
nucleus accumbens and a cluster in the right premotor cortex/middle frontal gyrus 
was related to more severe symptoms of repetitive behaviour. 
Conclusions  We demonstrate the fruitfulness of applying a cross-disorder approach 
to investigate the neural underpinnings of compulsivity/repetitive behaviour, by 
revealing a shared alteration in functional connectivity in ASD and OCD. We argue 
that this alteration might reflect aberrant reward or motivational processing of the 
nucleus accumbens with excessive connectivity to the premotor cortex implementing 
learned action patterns.
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Introduction
Autism spectrum disorder (ASD) and obsessive-compulsive disorder (OCD) are neuro-
developmental disorders with a prevalence of about 1-3% in the general population (Ruscio 
et al. 2010; Lai et al. 2014) and are both characterized by the presence of compulsivity. 
Compulsivity can be defined as the performance of repetitive and functionally impairing 
overt or covert behaviour without adaptive function, performed in a habitual or 
stereotyped fashion (Fineberg et al. 2014). Parallels have been drawn between the restricted 
interests, repetitive sensory behaviours, and insistence on sameness seen in ASD, and the 
obsessions and compulsions seen in OCD (Jiujias et al. 2017). Moreover, even though DSM 
versions IV-TR and older did not allow for a comorbid diagnosis of ASD and OCD (American 
Psychiatric Association 2000), a recent longitudinal registry study (Meier et al. 2015) and 
literature review (Jiujias et al. 2017) highlight the increased prevalence of OCD (symptoms) 
in ASD and vice versa. Between 17 and 37% of youth with ASD have been found to meet 
diagnostic criteria for OCD (Leyfer et al. 2006; van Steensel et al. 2011). Yet, little is known 
about the extent to which ASD and OCD have common versus distinct neural correlates of 
compulsivity. Identifying these correlates will foster insight into the neural underpinnings 
of these disorders and their comorbidity and may ultimately lead to the identification of 
stratification markers for these disorders. So far, scarce direct comparisons of ASD and 
OCD revealed common functional alterations during reward/decision-making processes 
in frontostriatal regions such as the orbitofrontal cortex (OFC), nucleus accumbens (NAcc), 
anterior cingulate cortex (ACC), and caudate (Carlisi et al. 2017a, 2017b). In addition, the 
current study (COMPULS) previously found heightened ACC glutamate concentrations 
in both ASD and OCD (Naaijen et al. 2017), further implicating frontostriatal circuitry. 
To expand upon this knowledge, we here examined this circuitry using a resting state 
functional connectivity approach.
Three partly segregated, parallel frontostriatal circuits are generally distinguished (Haber 
2003; Langen et al. 2011; van den Heuvel et al. 2016). The limbic circuit consists of the NAcc, 
OFC, and other frontal regions and is involved in motivation and reward. The cognitive 
circuit includes the caudate nucleus and prefrontal areas and is responsible for more 
cognitive functions such as working memory. Lastly, the sensorimotor circuit between 
the putamen and sensorimotor cortical areas subserves motor learning and performance. 
These circuits run through the globus pallidus and thalamus and together promote 
flexible initiation and inhibition of behaviour. Dysfunction of these circuits is thought to 
underlie various forms of repetitive behaviour in psychiatric disorders such as OCD and 
ASD (Langen et al. 2011; van den Heuvel et al. 2016). 
Classically, ASD and OCD have been studied as isolated disorders. Several studies have 
used resting state functional magnetic resonance imaging (R-fMRI) to examine striatal 
connectivity in either OCD or ASD. Findings for the specific diagnostic groups have been 
mixed in terms of direction (increased or decreased connectivity) and which specific 
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frontal/cortical connections were affected. However, some patterns can be distinguished 
that are potentially shared between the disorders. Increased functional connectivity 
between the NAcc and OFC has been reported in both ASD (Delmonte et al. 2013; although 
see Padmanabhan et al. 2013) and OCD (Harrison et al. 2009, 2013; Sakai et al. 2011; Jung et 
al. 2013; Abe et al. 2015). Similarly, in both ASD and OCD increased connectivity between 
caudate and ACC (ASD: Delmonte et al. 2013; OCD: Hou et al. 2013), as well as reduced 
connectivity of putamen with the middle and inferior frontal gyri (ASD: Padmanabhan 
et al. 2013; OCD: Bernstein et al. 2016; Harrison et al. 2009; Vaghi et al. 2017) have been 
observed.  
In the abovementioned R-fMRI studies, ASD or OCD groups were assessed independently 
from one another. Yet, identification of the unique and shared patterns in frontostriatal 
connectivity between ASD and OCD requires investigation of both disorders in one study, 
without methodological differences hindering comparisons. Furthermore, previous 
studies adhering to the diagnostic categories ASD and OCD have yielded some conflicting 
results. This may be due to the diversity of symptoms within a disorder (Langen et al. 2011; 
Robbins et al. 2012), which could result in samples that have the same diagnostic label 
but have different clinical profiles. The sole reliance on diagnostic categories also creates 
artificial boundaries between disorders showing substantial overlap in symptoms, such 
as ASD and OCD, suggesting a distinction that may not be evident at the neurobiological 
level. Accordingly, investigation of the cross-disorder symptom domain of repetitive 
behaviour may reveal common neural substrates and thereby bring to light new 
possibilities for diagnostics and treatment (Langen et al. 2011).
In the present study, we aimed to elucidate both common and distinct alterations in 
resting state connectivity patterns of the striatum in ASD and OCD. To focus on childhood-
onset OCD and avoid confound with late-onset OCD, which may have a different aetiology 
(Taylor 2011), we targeted the age range of 8-16 years. We first performed comparisons 
between both diagnostic groups and healthy controls. Second, we assessed the relation 
between striatal connectivity and symptoms of repetitive behaviour across all groups, 
hereby transcending diagnostic classifications. Lastly, we explored the possibility of 
diagnosis by repetitive behaviour interactions, as repetitive behaviour symptoms may 
have different neural substrates in OCD compared to ASD. Based on the previous work 
described above, we hypothesized that repetitive behaviour across disorders would be 
associated with reduced connectivity between the putamen and inferior and middle 
frontal gyri, and increased connectivity of the NAcc and caudate with the OFC and ACC 
respectively. 
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Methods
Participants
The current sample consisting of ASD, OCD and healthy control participants originated 
from the COMPULS European multicentre study with four sites (see Naaijen et al. 2016 for 
the design paper of the study). Procedures were in accordance with the latest version of 
the Declaration of Helsinki and approved by regional ethics committees. Written informed 
consent was obtained from parents/guardians, oral assent from children < 12 years, and 
written assent from children aged 12 and older. Inclusion criteria for all participants were 
age 8-16 years, Caucasian decent, IQ>70, no major physical illness, no present or past 
neurological disorders (e.g. epilepsy) or head injuries, and no contraindications for MRI. 
Healthy controls and their first-degree family members had to be free of psychiatric 
disorders. Participants with ASD or OCD were not allowed to have a diagnosis of the other 
disorder of interest. 
Data from two sites were excluded because of too few usable OCD datasets (<5). Inclusion 
in the statistical analyses would yield very small and unequal groups, leading to the 
inability to distinguish the effects of diagnosis from the effects of the added scanner 
sites. Remaining were 40 participants with complete R-fMRI data from King’s College 
London, London, United Kingdom, and 88 participants from the Radboud University 
Medical Center and the Donders Institute for Brain, Cognition and Behaviour, Nijmegen, 
The Netherlands. Of these 128 participants, some were excluded based on MRI quality (n=8; 
discussed further in pre-processing section), incidental findings (n=1), or not meeting 
clinical criteria (n=3). 
Healthy controls were over-recruited in Nijmegen. Therefore, a smaller control group from 
Nijmegen was matched to the OCD group from Nijmegen based on age, sex, and IQ using 
the full matching procedure of the package MatchIt (Ho et al. 2011) in R (R Core Team 2014). 
From London all available healthy control data was used. The final sample consisted of 24 
children with ASD, 25 children with OCD and 29 healthy controls, between the ages of 8 
and 16 years. Numbers per site and detailed group characteristics are listed in Table 1. 
Phenotypic Information
Before inclusion, healthy controls were screened with the Child Behavior Checklist and 
Teacher Report Form (Achenbach & Rescorla 2001), establishing that they had no subscale 
scores within the clinical range. Diagnosis of ASD (DSM-IV-TR criteria; American Psychiatric 
Association 2000) was confirmed by the structured autism diagnostic interview revised 
(ADI-R; Lord et al. 1994), assessing ASD symptoms throughout development. The severity 
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table 1  Group characteristics 
Control ASD OCD Test statistic p-value
n (% males)1
   Nijmegen
   London
29 (66)
16 (63)
13 (69)
24 (54)
11 (9)
13 (92)
25 (64)
16 (56)
9 (78)
χ2=0.81 .667
Age in years2 M (SD) 11.6 (2.0) 11.8 (2.2) 11.9 (2.3) F(2,75)=0.10 .905
IQ2,3 M (SD) 106.2 (13.2) 101.0 (15.9) 106.9 (17.3) F(2,72)=1.04 .358
Head motion2,4 M (SD) 0.14 (0.13) 0.15 (0.13) 0.16 (0.12) χ2=1.25 .534
RBS-R total score5 M (SD) 0.8 (1.3) 20.7 (18.4) 23.9 (22.0) t(46)=0.54 .590
CY-BOCS6 M (SD)
   Total score
   Compulsions
   Obsessions
-
-
-
-
-
-
21.3 (6.1)
10.9 (2.9)
10.1 (3.7)
Current medication use, n 
   SSRI
   Stimulant
   Benzodiazepine
   Atypical antipsychotic
   Classical antipsychotic
-
-
-
-
-
1
0
0
1
1
6
2
2
4
0
Current comorbidity, n
   ADHD 
   ODD
   GAD
   Depressive disorder
   Tic disorder
-
-
-
-
-
4
0
0
1
0
5
1
2
0
7
1A chi-square test was employed to test the difference in proportion of males between the groups. 
2Differences between groups were tested by means of an analysis of variance (ANOVA) or, if para-
metric assumptions were not met, the non-parametric Kruskal-Wallis test. 3Estimated IQ was based 
on 4 Wechsler Intelligence Scale for Children–III subtests: block design, vocabulary, similarities, and 
picture completion. IQ scores were missing for three participants. 4Head motion is defined as the 
mean root mean square of the frame-wise displacement across functional scans (Jenkinson et al. 
2002). 5RBS-R total scores can range from 0-129. Data from one participant was missing. An inde-
pendent-samples t-test was performed to test the difference between the ASD and OCD groups. 
6CY-BOCS total scores can range from 0-40. For three participants a total score could not be com-
puted due to the absence of obsessions. CY-BOCS total scores were significantly correlated (Spear-
man) with RBS-R total scores: r
s
=0.69; p<.001. Abbreviations: ADHD – attention-deficit/hyperactivity 
disorder, ASD – autism spectrum disorder, CY-BOCS – Children’s Yale-Brown Obsessive Compulsive 
Scale, GAD – generalized anxiety disorder, OCD – obsessive-compulsive disorder, ODD – opposition-
al defiant disorder, RBS-R – Repetitive Behavior Scale-Revised, SSRI – selective serotonin reuptake 
inhibitor.
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of obsessions and compulsions in OCD was rated with the Children’s Yale-Brown 
Obsessive Compulsive Scale (CY-BOCS; Scahill et al. 1997), in the form of an interview 
with both parent(s) and child present. This interview was also applied to ASD or healthy 
control participants in case they had elevated OCD scores in the screening interview (see 
below). For all participants, repetitive behaviour was defined as the total score on the 
Repetitive Behavior Scale-Revised (RBS-R; Lam & Aman 2007), filled in by the parents. In 
order to screen for possible comorbidities such as attention-deficit/hyperactivity disorder 
(ADHD), parents of all participants were interviewed with either the structured Diagnostic 
Interview Schedule for Children (Shaffer et al. 2000) in London or the semi-structured 
Kiddie Schedule for Affective Disorders and Schizophrenia (Kaufman et al. 1997) in 
Nijmegen. In the event of an elevated score on one of the screening items, the full module 
for the respective disorder was administered. Parents further reported on past and present 
medication use. Full IQ was estimated by administration of four subtests of the Wechsler 
Intelligence Scale for Children-III (Wechsler 2002): block design, vocabulary, similarities, 
and picture completion. 
Image acquisition
Participants were asked to refrain from using stimulant medication and caffeine from 48 
hours before testing. On the testing day, they were first familiarized with the MRI context 
in a mock scanner. Resting state T2-weighted functional scans and reference T1-weighted 
anatomical scans were acquired on 3 Tesla MRI scanners (Nijmegen site: Siemens Prisma, 
Siemens, Erlangen, Germany; London site: General Electric MR750, GE Medical Systems, 
Milwaukee, WI, USA). Either a 32-channel (Nijmegen) or 8-channel (London) head coil was 
used. For the anatomical scan the sequence was based on the ADNI GO protocols (Jack 
et al. 2008) and for the R-fMRI we used a multi-echo sequence (Kundu et al. 2012). The 
scanning parameters are detailed in Supplementary Table 1 and were matched as closely 
as possible across the sites. During the R-fMRI scan, the light was dimmed, a fixation cross 
was placed on the screen, and children were asked to keep their eyes open. 
R-fMRI pre-processing
We employed a standard pre-processing pipeline incorporating functions from the 
FMRIB Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl). Echoes were combined 
using weighted averaging. To account for equilibration effects, the first five functional 
volumes were discarded. Head movement correction was performed by realigning 
functional images to the middle volume (MCFLIRT; Jenkinson et al. 2002). The pipeline 
further consisted of grand mean scaling, spatial smoothing using a Gaussian kernel with 
a full width at half maximum (FWHM) of 6 mm, and ICA-AROMA. ICA-AROMA is an ICA-
based tool to automatically identify and remove motion-related components from the 
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data (Pruim et al. 2015a, 2015b). Finally, we applied nuisance regression to eliminate signal 
from cerebrospinal fluid and white matter, and high-pass filtering (0.01 Hz). Resulting 
functional images were co-registered to the respective participant’s anatomical scan 
using boundary-based registration in FSL-FLIRT (Greve & Fischl 2009). The anatomical scan 
was transformed into MNI152 standard space with 12-parameter affine transformations, 
which was refined using non-linear registration with FSL-FNIRT (Andersson et al. 2010). 
By applying the warp fields of the previous steps, the concatenated R-fMRI data was 
also brought into standard space. Eight participants (ASD n=2; OCD n=2; Control n=4) 
were excluded based on poor quality and/or excessive head motion, i.e., participants 
belonging to the 5% with on average the highest mean root mean square of the frame-
wise displacement across functional scans (RMS-FD>0.64; Jenkinson et al. 2002)
Seed definition
A seed-based approach was applied with seeds for the caudate nucleus, putamen and 
NAcc to investigate the different frontostriatal loops described in Langen et al. (2011). To 
define the seeds, we created subject-specific anatomical masks of these regions using 
the FSL-FIRST toolbox for automatic subcortical segmentation (Patenaude et al. 2011) 
and transformed these to MNI152 space. The FSL-FIRST output was visually inspected for 
evident segmentation errors. We took into account the functional distinctions between 
the anterior and posterior putamen (e.g. Helmich et al. 2010; von Rhein et al. 2016) by 
splitting the putamen at the reference point of the anterior commissure. We left a gap of 
4 mm (2 voxels) between the anterior and posterior putamen to minimize signal overlap. 
Eight seed masks were used in total (NAcc, caudate, anterior putamen, posterior putamen; 
left and right analysed separately), see Supplementary Figure 1 for an example.  
R-fMRI participant-level analyses
From the subcortical seed masks, we extracted the first eigenvariate of the timeseries of 
the R-fMRI activity in MNI152 standard space. Using the resulting timeseries, whole-brain 
voxel-wise connectivity with each seed was estimated in the context of the general linear 
model within FSL. Resulting connectivity maps were used for subsequent group-level 
analyses.
R-fMRI group-level analyses
First, ASD, OCD, and healthy control groups were compared using group-level analyses on 
the connectivity maps for each seed obtained in the previous step. To assess differences 
between the three groups, we applied permutation testing (5000 permutations) using FSL 
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Randomise (Winkler et al. 2014), including covariates for age, sex, and scan-site. Voxel-wise 
testing was limited to the voxels within a frontal lobe mask, as defined with the MNI atlas 
(lowest probability threshold), which included the insular cortex. 
Second, the association of repetitive behaviour with functional connectivity was 
investigated across all participants, including healthy controls. One participant was 
excluded from these analyses because of a missing RBS-R questionnaire. Both positive 
and negative associations between repetitive behaviour and voxel-wise functional 
connectivity of the respective seed regions were investigated using FSL Randomise with 
the same covariates as described above. In the event of a significant association, we 
computed partial correlations between extracted average connectivity estimates and 
the RBS-R total score, whilst controlling for age, sex, and scan-site. Depending on the 
distributions, either parametric Pearson’s or non-parametric Spearman’s correlations 
were used. Correlations were computed across the total sample in R. We also checked 
whether a correlation was present within patients and within the ASD and OCD groups 
separately.
Lastly, in order to assess the possibility that repetitive behaviour symptoms have a 
different neural substrate in OCD compared to ASD, we conducted group × repetitive 
behaviour interaction analyses within the two diagnostic groups, using a similar approach 
as above.
For each analysis, threshold-free cluster enhancement (TFCE) was used, as implemented in 
FSL (Smith & Nichols 2009). Significance was defined with a threshold of familywise error 
(FWE) corrected p<.05.
Sensitivity analyses
To investigate whether a significant cluster could alternatively be explained by IQ or 
head motion, we obtained partial correlations (Pearson or Spearman depending on the 
normality of the data) of the connectivity estimates with IQ and RMS-FD. In the event 
of a significant correlation, we reanalysed the significant cluster, whilst taking this 
confounding variable into account. To check the influence of outliers, we also reanalysed 
any significant effects after excluding outliers > 2.5 SD. The supplement details sensitivity 
analyses to ensure that age, scan-site, sex, medication use and comorbidity did not drive 
the significant results. 
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figure 1  Whole-brain functional connectivity maps for different striatal seeds. Whole-
brain positive functional connectivity maps are shown for the left nucleus accumbens 
(NAcc), caudate nucleus, anterior (ant) putamen, and posterior (post) putamen in healthy 
controls (N=29). Connectivity maps are thresholded at p<0.05 FWE-corrected and t ≥5; all 
maps are displayed at X=-6, Y=6, Z=0 in MNI152 space.
Results
Whole-brain functional connectivity of the striatal regions
As a check and illustration of the general connectivity patterns of the selected seeds 
(unrelated to clinical symptoms or diagnosis), Figure 1 depicts the whole-brain positive 
connectivity maps of the striatal seed regions in healthy controls. Only the maps for the 
left seeds are shown, but similar patterns were obtained for the right side. The NAcc was 
mainly connected with a cluster comprising ACC, medial prefrontal cortex (mPFC), and 
OFC, but connectivity with the caudate, hippocampal areas, and cerebellum was also 
NAcc
Caudate
Ant Putamen
Post Putamen
LR
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present. The caudate displayed connectivity with other striatal regions, ACC, OFC, mPFC, 
superior frontal gyrus, anterior insula, temporal regions and thalamus. The anterior 
and posterior putamen were connected to other striatal areas, thalamus, brainstem, 
cerebellum, insula, lateral prefrontal cortex, sensorimotor, temporal and posterior areas. 
Differences between the anterior and posterior putamen were evident in the ACC and 
mPFC, where the anterior putamen displayed more connectivity. The posterior putamen 
showed more extensive connectivity with sensorimotor, cerebellar and posterior areas. 
Note that differences between anterior and posterior putamen connectivity were not 
tested for statistical significance. Together, the observed connectivity patterns were 
roughly in line with established cortico-striato-thalamo-cortical networks (Alexander et 
al. 1986; Di Martino et al. 2008; von Rhein et al. 2016).
Group-level analyses of striatal-frontal connectivity patterns
We observed no differences between ASD, OCD, and healthy control groups in any of 
the seed regions’ connectivity patterns. However, the dimensional analysis across all 
participants showed a positive association between repetitive behaviour and connectivity 
strength between the left NAcc and a cluster in the right premotor cortex/middle 
frontal gyrus (MFG; see Figure 2). The maximum t-value within this cluster was 4.0. The 
correlation of the extracted average connectivity estimates with repetitive behaviour 
was r
s
=0.40, p<.001 across the entire sample; and r
s
=.47, p<.001 in ASD and OCD together, 
without controls. Trends were present in the ASD (r
s
=0.41; p=.052) and OCD (r=0.39; p=.054) 
groups when investigated separately. This suggests that the association was not driven by 
a dichotomy between patients and controls or by a specific diagnostic group. Lastly, there 
were no interactions between diagnosis and repetitive behaviour for the ASD and OCD 
groups; in other words, there was no evidence for distinct neural correlates of repetitive 
behaviour in ASD versus OCD. 
Sensitivity analyses
There were no significant correlations between the left NAcc - right premotor cortex/
MFG connectivity estimates and either IQ (r=-0.08; p=.519) or head motion (RMS-FD; r
s
=-
0.07; p=.568). Furthermore, the positive association between repetitive behaviour and left 
NAcc – right premotor connectivity remained significant after the removal of two outliers 
(r
s
=0.35; p=.002). Scan-site, sex, and age were added as covariates in these analyses. The 
sensitivity analyses described in the supplement indicate that the correlation between 
repetitive behaviour and connectivity between the left NAcc and right premotor cortex was 
similar across sexes and scan-sites, and was also significant in those without concurrent 
comorbid disorders or medication use (also see Supplementary Figures 3-8). 
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figure 2  Repetitive behaviour is positively associated with left nucleus accumbens – 
right premotor connectivity. A) Significant positive association of repetitive behaviour 
(RBS-R total score) with functional connectivity between the left nucleus accumbens seed 
(example from one participant in green) and the right premotor cortex/middle frontal 
gyrus (in red). Results are thresholded at p<0.05 FWE-corrected. The maximum t-value 
within the cluster was 4.0. Coordinates are in MNI152 space. B) Association between 
repetitive behaviour and extracted estimates of connectivity between the left nucleus 
accumbens and right premotor cortex represented for the diagnostic groups separately. 
Linear associations (lines) are presented for the diagnostic groups separately (coloured) 
and across all participants (black; r
s
 = 0.40, p < 0.001). 
Discussion 
The aim of the present study was to investigate overlapping and diagnosis-specific 
abnormalities of resting state frontostriatal connectivity in children and adolescents with 
ASD and OCD. Additionally, we assessed whether the cross-disorder symptom dimension 
of compulsivity/repetitive behaviour was associated with shared connectivity patterns 
in frontostriatal pathways across both ASD and OCD. We did not detect differential 
connectivity of striatal seed regions specific to ASD or OCD diagnosis. However, the 
cross-disorder analysis showed that increased connectivity between the left NAcc and 
a cluster in the right premotor cortex/MFG was related to more severe symptoms of 
repetitive behaviour across the entire sample. This finding was partly in keeping with 
our hypotheses; we predicted increased connectivity of the NAcc, albeit with a different 
frontal region, the OFC. In contrast to our hypotheses, we did not find altered connectivity 
of the caudate or putamen in relation to repetitive behaviour. 
The observed association between repetitive behaviour and increased NAcc – premotor/
MFG connectivity is in line with the relatively well-established role for altered functioning 
of the NAcc in OCD. Numerous resting state studies in OCD have shown increased 
connectivity of the NAcc, mainly with the OFC (Harrison et al. 2009, 2013; Sakai et al. 2011; 
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Jung et al. 2013; Abe et al. 2015), a finding which has also been reported in ASD (Delmonte 
et al. 2013; although see Padmanabhan et al. 2013). This finding might reflect an increased 
motivational drive towards performing certain repetitive behaviours. In addition, blunted 
activity of the NAcc during (monetary) reward anticipation was found in individuals 
with ASD (Dichter et al. 2012a, 2012b; Kohls et al. 2013) and OCD (Figee et al. 2011, 2013), 
suggesting altered sensitivity to typical rewards. Of particular interest is the study by 
Figee et al. (2013) where deep brain stimulation in OCD restored blunted NAcc activity and 
excessive resting state connectivity between NAcc and lateral frontal cortex, with the 
degree of normalization correlating with symptom improvement. This implies a causal 
role for NAcc – lateral prefrontal connectivity in compulsivity.
Our obtained cluster in the premotor cortex/MFG can be compared to reports of MFG 
function more broadly or of premotor cortex (within the MFG) function more specifically. 
Dysfunction of the MFG has been implicated in ASD before, for example, in the context of 
social cognition (Patriquin et al. 2016) and in R-fMRI studies (Paakki et al. 2010; Delmonte 
et al. 2013; Itahashi et al. 2015). Notably, increased right MFG functional connectivity 
with the caudate was found to be associated with repetitive behaviour (Delmonte 
et al. 2013), further supporting the notion that the interplay between right MFG and 
striatum is involved in repetitive behaviour in ASD. Some evidence also points to a role 
of the MFG in OCD (e.g. Lázaro et al. 2008; Togao et al. 2010; Del Casale et al. 2016); for 
example, hypoactivation was seen during executive functioning (Del Casale et al. 2016). 
Less evidence, however, exists regarding altered function of the premotor cortex. In 
OCD, previous literature has mainly described evidence implicating other motor regions 
such as the (pre) supplementary motor area (de Wit et al. 2012; Russo et al. 2014; Zhou 
et al. 2017). In ASD, research has focussed predominantly on social impairments, leaving 
the motor domain neglected. Deficits in motor regions are commonly discussed within 
the framework of action prediction and the mirror neuron system (e.g. von Hofsten & 
Rosander 2012). However, it appears that the premotor cortex plays an atypical role in the 
later stages of visuomotor learning in ASD (Müller et al. 2004). Moreover, the premotor 
cortex is a conceptually relevant area considering it is responsible for implementing 
learned action patterns (Leisman et al. 2016). The link of premotor functioning with 
compulsivity/repetitive behaviour has been made more explicitly for tics in Tourette 
syndrome (Polyanska et al. 2017) and for automatized motor responses towards drug-
related cues in addiction (Yalachkov et al. 2010). 
Our finding of increased NAcc – premotor connectivity further confirms a role for altered 
NAcc connectivity in OCD and ASD and expands upon previous literature by showing a 
common pattern in functional connectivity underlying the overlapping symptom domain 
of repetitive behaviour. With the RBS-R capturing both OCD-like compulsions such as 
checking and counting, and more ASD-like repetitive behaviour such as preoccupations 
with certain objects or interests, we believe that this alteration reflects a general pathway 
were these behaviours may intersect. A shared dysfunction in reward or motivational 
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processing of the NAcc with a strong connection to the premotor cortex implementing 
learned action patterns could explain the frequent comorbidity and familial link of these 
behaviours (Meier et al. 2015) in patients with ASD or OCD. This provides a new avenue 
for further research that could also be relevant for conceptually related disorders of 
compulsivity such as Tourette syndrome and addiction.
In the present study, we did not replicate previous findings on group differences related to 
OCD and ASD diagnosis in the limbic (e.g. Harrison et al. 2009; Sakai et al. 2011; Delmonte 
et al. 2013; Jung et al. 2013; Abe et al. 2015; Vaghi et al. 2017), cognitive (e.g. Delmonte 
et al. 2013; Hou et al. 2013), or sensorimotor (e.g. Harrison et al. 2009; Padmanabhan et 
al. 2013; Bernstein et al. 2016; Vaghi et al. 2017). An explanation for the inconsistency in 
case-control differences might be the heterogeneity of symptom representation within 
the disorders (Langen et al. 2011; Robbins et al. 2012). For example, ASD has two defining 
symptom domains along which patients can vary. With the dimensional approach, we 
are more sensitive to detect a specific relation with the symptom dimension of repetitive 
behaviour, but our findings may diverge from those that are more linked to, for example, 
the social deficits in ASD or anxiety in OCD. In addition, differences in age groups may 
explain discrepancies in results since frontostriatal circuits develop across a long period 
(Durston & Casey 2006) and the neurobiological markers of a disorder may vary over 
time. Of the abovementioned studies, only one included children. Especially for OCD, the 
differences between child and adult findings may be large since late-onset OCD may have 
a different aetiology (Taylor 2011).
By studying children and adolescents, we focussed on an important but scarcely studied 
developmental window and avoided confound with late-onset OCD. However, due to 
difficulties in recruiting children with an OCD diagnosis, our sample is relatively small and 
also includes mild cases. This may have limited the power to detect effects. In light of the 
limited power, we chose not to apply additional corrections for the number of seed regions 
used in the analyses. This is considered appropriate for studies with a small set of clear 
hypotheses, to avoid type 2 errors (Streiner & Norman 2011). However, the results should be 
interpreted with caution. An additional complication of the current study is that the RBS-R 
has been specifically designed for and validated in ASD (Lam & Aman 2007). Nevertheless, 
the RBS-R total scores in OCD correlated highly with the CY-BOCS scores, which provides 
some confidence in the extrapolation of this measure to OCD. Overall, this young field 
is still faced with the challenge of unifying classifications of repetitive behaviour and 
designing instruments for cross-disorder analysis. This is not trivial, because phenotypic 
similarity does not necessarily imply a shared aetiology and vice versa (Langen et al. 2011). 
However, an attempt has been made to design such an instrument (Guo et al. 2017), which 
holds promise for future applications in cross-disorder research of compulsivity. 
To conclude, we found increased connectivity of the left NAcc with the right premotor 
cortex in relation to repetitive behaviour across children and adolescents with OCD, ASD, 
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and healthy controls. Hereby, we demonstrate the fruitfulness of applying a cross-disorder 
approach to the symptom domain of compulsivity/repetitive behaviour, and reveal for the 
first time a shared neural correlate potentially reflecting altered reward or motivational 
processing of the NAcc with excessive connectivity to the premotor cortex implementing 
learned action patterns.
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table s1  Scanning parameters per site
 
Sensitivity analyses: influence of scan-site, sex, and age
In all instances full Spearman correlations are reported. As can been seen in Figure S2, age 
was not related to connectivity between the left nucleus accumbens and right premotor 
cortex (r
s
=0.10; p=.393). Figures S3 to S6 demonstrate that the association between 
repetitive behaviour and the connectivity estimates was significant in both males (n=47; 
=0.37; p=.010) and females (n=30; r
s
=0.47; p=.009); and either trend level in London (n=34; 
r
s
=0.30; p=.085) or significant in Nijmegen (n=43; r
s
=0.53; p<.001). These results suggest 
that the effect was not specific to males or females, or scan-site.
Sensitivity analyses: influence of medication use and comorbidity
The association (uncorrected for age, sex, scan-site) between repetitive behaviour and 
the connectivity estimates was significant in participants who currently did not use 
medication (n=62; r
s
=0.35; p=.006) and in participants without comorbid disorders (n=63; 
Sequence Site TR/TE/TI (ms) Flip 
an-
gle
Field 
of 
view 
(mm)
Matrix RL/AP /
slices
Voxel-size (mm) Par-
allel 
Imag-
ing
T1* Nijmegen 
(Siemens 
Prisma)
2300/2.98/900 9 256 212/256/176 1.0 × 1.0 × 1.2 2
London
(GE MR750)
7.31/3.02/400 11 270 256/256/196 1.1 × 1.1 × 1.2 1.75
R-fMRI# Nijmegen 
(Siemens 
Prisma)
2300/12/- 80 240 240/240/33 3.8 × 3.8 × 3.8 2 
London
(GE MR750)
2300/13/- 80 240 240/240/33 3.8 × 3.8 × 3.8 2 
*TR as provided by the manufacturer. Siemens defines TR as the time between inversion recovery pulses per 
volume, whereas GE defines a TR as the time an excitation pulse is given. 
#Multi-echo resting state fMRI: TE2 is 31 ms for London and 28.41 for Nijmegen. TE3 is 48 for London and 44.82 
for Nijmegen.
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r
s
=0.36; p=.003). These results suggest that the effect was not driven by participants with 
concurrent medication use or comorbid disorders (also see Figure S7 and S8).
figure s2  No association was present between age and connectivity. Line represents 
linear association across all groups between age in years and extracted estimates of 
connectivity between left nucleus accumbens and right premotor cortex. 
figure S1  Seed regions. The seed regions displayed here are an example from one 
participant overlaid on an MNI152 template brain. Legend: blue – caudate nucleus, red – 
nucleus accumbens, green – anterior putamen, yellow – posterior putamen. Note that left 
and right volumes were analysed separately.
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figure s3  Extracted estimates of connectivity between the left nucleus accumens and 
right premotor cortex represented for the diagnostic groups and scan-sites separately. 
Errorbars denote means +/- SE.
figure s4  A positive association between repetitive behaviour and connectivity was 
present in both Nijmegen and London. Lines represents linear associations between re-
petitive behaviour (RBS-R total score) and extracted estimates of connectivity between the 
left nucleus accumbens and right premotor cortex, represented for Nijmegen and London 
separately.
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figure s5  Extracted estimates of connectivity between the left nucleus accumbens 
and right premotor cortex represented for the diagnostic groups and males and females 
separately. Errorbars denote means +/- SE.
figure s6  A positive association between repetitive behaviour and connectivity was 
present in both males and females. Lines represents linear associations between repetitive 
behaviour (RBS-R total score) and extracted estimates of connectivity between the left nu-
cleus accumbens and right premotor cortex, represented for males and females separately.
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figure s7  A positive association between repetitive behaviour and connectivity was 
also present in those without current medication use. Lines represents linear associations 
between repetitive behaviour (RBS-R total score) and extracted estimates of connectivity 
between the left nucleus accumbens and right premotor cortex, represented for those with 
and without current medication use separately. 
figure s8  A positive association between repetitive behaviour and connectivity was also 
present in those without current comorbid disorders. Lines represents linear associations 
between repetitive behaviour (RBS-R total score) and extracted estimates of connectivity 
between the left nucleus accumbens and right premotor cortex, represented for those with 
and without current comorbid disorders separately.
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The objective of the first two empirical chapters (2 and 3) of this thesis was to advance 
understanding of the role of the frontostriatal circuitry in SUD (smoking) and the relationships 
with impulsivity and ADHD. The following chapters aimed to unravel shared and unique 
neural correlates of ADHD and TS (chapter 4), and ASD and OCD (chapter 5) respectively. 
All the aforementioned disorders have their onset mostly in childhood or adolescence, are 
frequently comorbid, and show similarities in the manifestation of impulsive and compulsive/
repetitive behaviours. Although these disorders likely involve widespread changes in the brain, 
our investigations centred around the frontostriatal circuitry, which is the prime suspect in 
explaining the overlap between the disorders. 
Building upon prior research, we conducted a series of hypothesis-driven structural and 
functional MRI studies. The specific topics addressed and methods used are diverse, zooming 
in on different subareas of the field. Complementing existing literature, we examined closely 
related disorders together in the same study using the same methods (with the exception of 
chapter 2). This allowed us to disentangle the shared and unique neural underpinnings of these 
disorders more directly. Next to performing classical group comparisons, we also assessed the 
fruitfulness of applying dimensional constructs of impulsivity and compulsivity. This is in 
accordance with the recently advocated RDoC approach (Cuthbert & Insel 2013), which proposes 
that these constructs might aid in the identification of neurobiological mechanisms that cross 
the boundaries of disorders as classified by the DSM (American Psychiatric Association 2013). 
In this concluding chapter, I summarize the findings of the empirical chapters and integrate 
them with the existing literature to provide my perspective on the current state of the field. I 
further discuss the methodological strengths and limitations of the studies performed, as well 
as some potential clinical implications and avenues for future research. 
In chapter 2 we aimed to gain insight into SUD by comparing smokers to non-smokers 
on functional connectivity of the anterior versus posterior putamen during response 
inhibition. The putamen is thought to be a key player in addiction and inhibitory control, 
and it consists of functionally distinct subdivisions. Functional connectivity analyses 
were applied to fMRI data from a Go–NoGo task, which had been previously acquired 
at the Erasmus University in Rotterdam. To model functional connectivity, we used 
the generalized form of psychophysiological interactions (gPPI) with subject-specific 
anatomical seeds of the anterior and posterior putamen. In the context of inhibition, the 
anterior putamen exhibited significant connectivity with the medial frontal cortex/ACC 
and precuneus. By contrast, the posterior putamen was connected with sensorimotor 
regions. These findings are in keeping with a hypothesized anterior-posterior division 
within the putamen and confirm the involvement of anterior putamen – ACC connectivity 
in contexts requiring response-monitoring or goal-directed responding. We expected 
relatively weaker connectivity of this anterior ‘goal-directed’ network in smokers 
compared to non-smokers. Instead, smokers displayed stronger connectivity between the 
anterior putamen and insula. The connectivity between these regions was also tentatively 
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correlated with trait impulsivity across smokers and non-smokers. Trait impulsivity 
may predispose individuals towards substance use initiation and/or the transition to 
compulsive behaviour. Together these results highlight the importance of putamen – 
insula interactions in (nicotine) addiction and impulse control.
Chapter 3 continued the focus on tobacco smoking and the frontal ‘cognitive control’ 
systems. More specifically, we attempted to unravel the cause versus consequence 
question regarding frontal grey matter abnormalities in smokers and in addition, we 
examined the relationship with ADHD. Altered frontal grey matter structure may be a 
shared predisposing factor in individuals with ADHD and smokers, and it may represent 
immature cognitive control abilities leading to impulsive and/or compulsive behaviour. 
Alternatively, frontal grey matter differences in smokers could follow from neurochemical 
effects of tobacco exposure. We assessed (sMRI-based) frontal cortical thickness in 
smokers and non-smokers with and without ADHD in a longitudinal design during 
adolescence and young adulthood, using a subsample from the NeuroIMAGE cohort. 
ADHD was modelled as a continuous measure of symptom count across smokers and non-
smokers. Confirming previous evidence, smokers were found to have a thinner frontal 
cortex relative to non-smokers, and this was not explained by their ADHD symptoms or 
other confounds. Furthermore, we observed that even though smokers had more ADHD 
symptoms overall, their symptom count did not appear to follow a different trajectory 
across the ~3.4-year interval. Lastly, the total group of smokers did not display an 
accelerated rate of frontal cortical thinning during this time. However, post hoc analyses 
suggested speeded thinning in novel smokers, who did not differ from non-smokers at 
baseline. This implies that the thinner frontal cortex was an effect of smoking and not a 
predisposing factor.
In chapter 4, we investigated the comorbidity between TS and ADHD and potential 
common and distinct alterations in basal ganglia and thalamus during reward processing. 
Disturbances in the brain’s reward pathways are thought to be a central characteristic 
of ADHD, with nucleus accumbens hypoactivation during reward anticipation being a 
highly substantiated finding in adolescent and adult samples. However, it is still unclear 
whether this finding extends to comorbid ADHD within children with TS. Furthermore, 
it has been proposed that TS in itself may involve aberrant sensitivity to appetitive 
reinforcement (reward receipt) in the dorsal striatum (caudate and putamen).  Here, we 
analysed (fMRI-based) neural activation of structurally-defined regions of interest in basal 
ganglia and thalamus during monetary reward anticipation and receipt. We performed 
categorical analyses of group differences between children with TS with comorbid ADHD, 
TS without comorbid ADHD, ADHD, and healthy controls (COMPULS/TS-EUROTRAIN 
cohorts). Additionally, we employed dimensional analyses with ADHD severity across 
groups. No group differences or associations of neural activation with TS were detected. 
Yet, the dimensional analyses revealed that ADHD severity was tentatively related to 
hypoactivation of the right nucleus accumbens during reward anticipation, an effect 
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which was independent of the presence or absence of TS. This supports the notion of 
nucleus accumbens hypoactivation as a dimensional neural correlate of ADHD symptoms, 
irrespective of primary diagnosis. Finally, although not surviving correction for multiple 
comparisons, there was a trend of heightened activity of the left globus pallidus during 
reward receipt in all patient groups relative to healthy controls.
In chapter 5, a cross-disorder approach was taken, zooming in on ASD and OCD, which 
are neurodevelopmental disorders that show substantial overlap in the presentation 
of compulsive behaviour. We compared youth with ASD, youth with OCD, and healthy 
controls from the COMPULS cohort on resting state functional connectivity of 
structurally-defined striatal seed regions. These categorical analyses did not reveal any 
differences between the groups. Employing a cross-disorder approach, on the other hand, 
turned out to be fruitful. We showed that increased connectivity between the left nucleus 
accumbens and a cluster in the right premotor cortex/middle frontal gyrus was related 
to more severe symptoms of repetitive behaviour across ASD, OCD, and healthy controls. 
We concluded that compulsivity across ASD and OCD may have a shared neural substrate, 
which involves aberrant reward/motivational processing of the nucleus accumbens with 
excessive connectivity to the premotor cortex implementing learned action patterns.
Frontostriatal circuits in neurodevelopmental disorders 
and SUD
Here, I will revisit some of the existing knowledge on the frontostriatal circuits as outlined 
in the introduction and describe what the empirical chapters contribute to this knowledge. I 
focus on the disorder pairs that were investigated side by side and in a cross-disorder manner 
in the empirical chapters (ASD&OCD and ADHD&TS). For SUD I will more broadly discuss 
the relationship with the neurodevelopmental disorders. Lastly, I will discuss an integrative 
framework that might be useful for the comparison of all disorders together.
ASD and OCD
In the introduction I summarized that ASD and OCD appear to be rather similar to each 
other regarding the presentation of compulsive or repetitive behaviour (Langen et al. 
2011; Robbins et al. 2012). Moreover, a shared familial risk between ASD and OCD implies 
shared aetiological factors (Meier et al. 2015). So far, there has been scarce neuroimaging 
literature directly comparing these diagnostic groups or examining the potential cross-
disorder correlates of compulsivity.
Yet, a multimodal meta-analytic comparison of the disorders was made by Carlisi et al. 
(2016) combining MRI data on brain structure and functioning during inhibitory control 
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tasks (one of the few types of fMRI paradigms applied to both ASD and OCD). The authors 
summarized common as well as disorder-specific abnormalities. In both ASD and OCD, 
there was a reduction in volume and activation in ACC/medial prefrontal cortex. It must 
be noted that in disagreement with this, increased ACC activation, possibly reflecting 
increased error-monitoring, has often been reported in individual studies of OCD (e.g. 
Diwadkar et al. 2015; Grützmann et al. 2016). Disorder-specific differences were most 
prominent in the basal ganglia and insula, the structure and function of which were 
enhanced in OCD patients relative to ASD patients and controls. By contrast, right 
putamen and insula volumes were reduced in ASD patients. In line with this, other meta- 
or mega-analyses also demonstrated increased volumes of basal ganglia in OCD (Boedhoe 
et al. 2017; Hu et al. 2017) and decreased volumes in ASD (van Rooij et al. 2018). 
Recently, the aforementioned authors Carlisi et al. reported direct comparisons of ASD and 
OCD, revealing common functional alterations during reward/decision-making processes 
in frontostriatal regions such as the OFC, nucleus accumbens, ACC, and caudate (Carlisi et 
al. 2017a, 2017b). In addition, heightened ACC glutamate was found in paediatric ASD and 
OCD in our COMPULS study (Naaijen et al. 2017), which was associated with compulsivity 
across the disorders. No glutamate differences were observed in the striatum. Together, 
these findings underscore the involvement of certain frontostriatal areas in the overlap 
between ASD and OCD. In chapter 5, we expanded upon this literature by investigating 
resting state connectivity of striatal seed regions.
Considering prior R-fMRI research (see chapter 5), we proposed compulsivity-related overlap 
between the disorders in reduced connectivity between putamen and inferior and middle 
frontal gyri, increased connectivity between the nucleus accumbens and OFC, and between 
caudate and ACC. Although these hypotheses were not confirmed, our cross-disorder 
approach pointed to a different neural correlate of increased left nucleus accumbens – right 
middle frontal cortex/premotor connectivity in relation to repetitive behaviour. I believe 
this correlate to be conceptually appealing because of the established roles of the nucleus 
accumbens and premotor cortex in motivation/reward and motor function respectively. 
The connectivity correlate could reflect the altered motivational drive to perform certain 
repetitive behaviours, with the tight link to the implementation of those behaviours. As 
also discussed in chapter 5, evidence for altered functioning of the nucleus accumbens in 
OCD and ASD is accumulating. Next to findings of atypical functional connectivity, blunted 
nucleus accumbens activity during monetary reward anticipation has also been reported in 
both disorders (Figee et al. 2011, 2013, Dichter et al. 2012a, 2012b; Kohls et al. 2013). Our result 
of increased connectivity between the nucleus accumbens and premotor cortex offers a 
direction for further research, which could focus on, for example, how this connectivity 
is linked to treatment outcomes or how it responds to dopaminergic manipulations. It 
would also be relevant to examine whether the same connectivity pattern is observed in 
conceptually related disorders of compulsivity such as TS and SUD. 
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Although not confirmed in our study in chapter 5, the imaging work described above 
points to the ACC as a site of overlapping abnormalities between the disorders, 
potentially reflecting shared deficits in cognitive control. The disorders seem to deviate 
in the small structural abnormalities of the basal ganglia associated with them, which 
stresses that unique neurobiological mechanisms also exist. Together, the previous 
literature and our findings highlight the role of limbic circuit function in compulsivity 
across ASD and OCD.
ADHD and TS
Although ADHD and TS show high comorbidity rates, the pathogenesis associated 
with this overlap remains elusive. From the general introduction, we can conclude that 
there are no gross structural changes in the striatum related to these disorders or their 
overlap. Although findings have been inconsistent, the caudate may still be an important 
candidate for shared morphological changes. Discrepancies between studies may in part 
be caused by the different age groups used. Zooming in on children, both ADHD and TS 
have been associated with an overall smaller brain volume and a thinner prefrontal cortex 
(Shaw et al. 2007; Church & Schlaggar 2014; Hoogman et al. 2017), although the evidence 
in TS is based on small samples. In ADHD, sMRI and R-fMRI data have pointed to a delay 
in maturation or altered development of large-scale brain networks (Shaw et al. 2007, 
2012; Castellanos & Aoki 2016). Similarly, widespread R-fMRI alterations and immature 
connectivity patterns have been described for TS (Church et al. 2009; Worbe et al. 2012; Cui 
et al. 2014; Liu et al. 2017; Wen et al. 2017). 
Overall, due to the heterogeneous findings and the lack of direct comparisons of ADHD, 
TS and their comorbidity, it is very difficult to pinpoint common and distinct neural 
correlates in this vast literature. From the task fMRI literature, the frontostriatal circuits 
again emerge as a strong candidate for overlap between the disorders, with activation 
differences described in prefrontal cortex, ACC, supplementary motor area, striatum, 
globus pallidus and thalamus (Baym et al. 2008; Rubia et al. 2014; Zapparoli et al. 2015; 
Polyanska et al. 2017). 
We expanded upon prior research by adding a direct comparison of TS, ADHD, and 
comorbid groups, with a focus on reward processing (chapter 4). Nucleus accumbens 
hypoactivation during reward anticipation is a relatively well-established finding in ADHD 
(Plichta & Scheres 2014) and is thought to relate to altered dopaminergic transmission in 
ADHD. In TS, reward processing has scarcely been investigated, especially with fMRI. This 
is surprising because the dopamine system and frontostriatal circuits, which are crucially 
involved in reward processing, are also strongly implicated in TS. Therefore, we considered 
it a valuable angle to explore.
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Perhaps due to a lack of power to detect subtle activation differences in the basal ganglia 
and thalamus, our findings were weak and should be considered more as starting points 
for further studies as opposed to conclusive. We could not confirm the hypothesized 
heightened activation in the dorsal striatum during reward receipt in TS, a hypothesis 
which was based on previous behavioural data of atypical reinforcement sensitivity.  This 
is in line with the only other fMRI study on reward outcome processing in TS, although in 
that study only the right putamen (of the dorsal striatum) was investigated (Worbe et al. 
2011). 
Yet, we found that ADHD severity was tentatively related to hypoactivation of the right 
nucleus accumbens during reward anticipation, irrespective of the presence or absence 
of TS. This supports the view of nucleus accumbens hypoactivation as a dimensional 
marker of ADHD symptoms, crossing the boundaries of primary diagnosis. The link with 
dopamine could be relevant to investigate in future studies. TS and ADHD have classically 
been associated with opposing dysfunction in the dopamine system (a hyper- versus 
hypodopaminergic state respectively). It would be interesting to examine whether 
dopamine dysfunction in TS with comorbid ADHD is more similar to TS or ADHD and how 
dopaminergic manipulations influence nucleus accumbens activation in this comorbid 
group.
Finally, the results were suggestive of an abnormal response to reward receipt in ADHD, 
TS, and the comorbid group compared to healthy controls, namely heightened activation 
of the left globus pallidus. The globus pallidus has been heavily implicated in TS; it is a 
primary target for deep brain stimulation in TS, and neurophysiological, microstructural 
and R-fMRI evidence points to a role for the globus pallidus in tic generation (Ganos et al. 
2013; Hashemiyoon et al. 2016; Ji et al. 2016). The present result of functional hyperactivity 
of the left globus pallidus did not survive correction for multiple comparisons and as such 
requires replication. Nevertheless, the emerging pattern provides further support for 
overlapping abnormalities between TS and ADHD in the globus pallidus, and it is the first 
hint towards a shared functional abnormality during reward receipt. The globus pallidus 
is the final station of convergence of the frontostriatal loops, exerting tonic inhibition of 
the thalamus and thereby controlling motor output. However, next to this widely known 
role in motor control, it has also been found to encode reward-related information (Hong 
& Hikosaka 2008; Howell et al. 2016). Hence, it could be a promising target for further 
investigations on comorbidity between ADHD and TS.
Neurodevelopmental disorders and SUD
In the introduction I concluded that ADHD was the neurodevelopmental disorder most 
clearly associated with an increased risk of developing SUDs and especially nicotine 
dependence (Lee et al. 2011; Groenman et al. 2013). In chapter 3, I focussed on the 
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overlap between ADHD and tobacco use more specifically. Both phenotypes have been 
associated with reductions in (pre)frontal grey matter volume. As the frontal cortex has 
been strongly implicated in cognitive control, this could reflect a shared predisposition 
for developing behaviours characterized by a lack of cognitive control, the inability to 
inhibit behaviour despite negative consequences. This also relates to both impulsivity 
and compulsivity. High levels of impulsivity may lead to the initiation and exacerbation of 
drug use, eventually leading to compulsive drug-taking (Robbins et al. 2012). In accordance 
with that, smokers reported higher levels of trait impulsivity in chapter 2 and more 
ADHD symptoms in chapter 3 compared to non-smokers. However, instead of a shared 
predisposing factor, the frequently reported altered frontal grey matter structure in 
smokers could be a consequence of continued tobacco use and might be unrelated to their 
ADHD symptoms. So far, there were very few longitudinal studies to distinguish between 
these possibilities. We were the first to present a longitudinal study examining this in 
adolescents and young adults and we provided preliminary support that a thinner frontal 
cortex could be an effect of tobacco exposure as opposed to a predisposing factor. We also 
investigated the possibility that prolonged smoking would amplify impulsive behaviour 
as previously hypothesized by DeBry & Tiffany (2008). Our study did not reveal atypical 
development of ADHD symptoms in smokers relative to non-smokers; both groups 
showed a similar decline in the number of ADHD symptoms over time. For prospective 
longitudinal studies of smoking, I would recommend incorporating more extensive 
measures of impulsivity to more carefully track whether there is an influence of smoking. 
Overall, the results of chapter 3 did not indicate that a shared reduction in frontal grey 
matter, leading to impulsivity, explains the comorbidity between ADHD and smoking. 
Perhaps the relationship between impulsivity/ADHD symptoms and smoking is explained 
by other factors. Our hypotheses in chapter 2 were based on the theory that enhanced 
habit formation may underlie the transition from experimental to compulsive tobacco use 
in high-impulsive individuals (Everitt & Robbins 2016) and that this may involve a shifted 
functional balance between the goal-directed (anterior putamen and medial prefrontal 
cortex/ACC) and habit networks (posterior putamen and sensorimotor regions). Medial 
prefrontal/ACC activation has been linked with various addiction-related phenomena such 
as craving, relapse risk and impaired inhibitory control (Kühn & Gallinat 2011; Luijten et al. 
2014; Moeller & Paulus 2018). Although we were not able to confirm the hypotheses using 
our response inhibition task, we did identify a putative neural correlate of impulsivity in 
smokers that could be worthy of further (longitudinal) investigation, namely increased 
functional connectivity between the anterior putamen and right insula.
Currently, Dr. Maartje Luijten, my collaborator of chapter 2, is pursuing the ‘habit’ model 
further and testing this more comprehensively in a longitudinal fMRI design following 
adolescents from experimental smoking to potential nicotine dependence (for more 
details see www.maartjeluijten.nl). This study makes use of a paradigm specifically 
designed to test habit formation. Luijten hypothesizes that experimental smokers with a 
stronger habit propensity and a weaker goal-directed and impulse control system will be 
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at risk to develop dependence. Further, she will assess the putative roles of the ventral and 
dorsal striatum in the shift from experimental to compulsive smoking (Everitt & Robbins 
2016). 
Next to the dorsal striatum, the ventral striatum (nucleus accumbens) has received 
considerable attention in addiction research and has been related to reward processing. 
It must be acknowledged that the literature on reward processing in SUD contains some 
inconsistent results (Luijten et al. 2017). Nevertheless, SUD has been associated with 
diminished activation of the ventral striatum during monetary reward anticipation 
(Luijten et al. 2017), which resembles evidence in ADHD, ASD, and OCD. In addition, SUD 
and OCD have been associated with heightened striatal activation to drug-related and 
OCD-related cues respectively (Figee et al. 2016; Moeller & Paulus 2018).  It is noteworthy 
that SUD and OCD seem to show parallels in (ventral) striatal reactivity and additionally 
in the involvement of neurotransmitters such as dopamine, in OFC functioning, and 
in various neurocognitive processes (Robbins et al. 2012; Figee et al. 2016). However, as 
described in the general introduction, whether OCD is in itself a risk factor for substance 
use initiation and SUD remains elusive. Mild OCD has been linked to increased SUD risk, 
but severe OCD may be a protective factor (Cuzen et al. 2014). As a subgroup of individuals 
with OCD also reports high impulsivity levels (Prochazkova et al. 2017), it is difficult to 
distinguish the contribution of compulsivity as a factor predisposing towards SUD.
In sum, our studies in chapters 2 and 3 underscore the relationship between impulsivity/
ADHD symptoms and substance use (smoking). They do not support an involvement of 
frontal cortical structure in this relationship but a functional involvement of anterior 
putamen – right insula interactions. The proposed disrupted balance between goal-
directed and habit network function is currently under further longitudinal investigation. 
Finally, although comorbidity between the other neurodevelopmental disorders and 
SUD has not been unequivocally established, especially OCD shows strong overlap in the 
neurobiological mechanisms implicated. For future studies, it would be worthwhile to 
compare SUD and OCD more directly and assess the applicability of the cross-disorder 
construct of compulsivity. Perhaps the R-fMRI marker of compulsivity in chapter 5, of 
increased connectivity between the left nucleus accumbens and right premotor cortex, 
could be extended to SUD.
Comparisons of all disorders
Although the ACC has not directly been used as a region of interest in our studies, from 
the literature reviewed in this thesis the ACC stands out as a region that may be affected 
in all the disorders. This notion was picked up by Holroyd & Umemoto (2016), who wrote 
a compelling proposal attempting to unite the often disparate ACC literature. In their 
proposal, they argue that the ACC “motivates the execution of extended behaviours 
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according to principles of hierarchical reinforcement learning” (the HRL-ACC theory). 
The theory expands upon the ‘actor-critic’ computational model (Cohen & Frank 2009), 
which assigns the role of ‘actor’ to the dorsal striatum and dorsolateral prefrontal cortex. 
The actor is responsible for linking stimulus input to motor output. The ‘critic’, on the 
other hand, comprises the ventral striatum and OFC and computes the relative value of 
ongoing events conveyed by dopamine signalling. Notably, alterations in the dopamine 
system have been reported in all the disorders discussed here, although not always as 
the prime suspect. Next to the roles of the actor and critic in action execution and action 
value monitoring respectively, Holroyd & Umemoto (2016) describe interactions with the 
ACC. The ACC receives information on the values of tasks from the critic and selects a task 
based on those values. Then, it regulates the activity of the actor which executes the task. 
This regulation by the ACC occurs according to the principle that the minimum control 
needed is applied to ensure appropriate task execution. Rewards received during the task 
reduce the amount of control needed to sustain the task.
The authors further propose that overlap in symptom presentation between disorders 
might be due to shared impairments within this system. Of course, the atypical activity or 
connectivity of the ACC, often observed in the disorders of this thesis, may reflect either 
intrinsic abnormalities of the ACC or altered input from other brain regions (such as the 
actor or critic). In accordance with this, we found support for a role of the actor (putamen 
in chapter 2) and critic (OFC in chapter 3) in smokers. Moreover, functioning of the critic 
(nucleus accumbens) was related to ADHD symptoms across ADHD and TS (chapter 4) and 
to repetitive behaviour across ASD and OCD (chapter 5). 
The HRL-ACC theory puts forward several predictions that fit well with our observations 
and the literature reviewed in this thesis. First, hyperfunctioning of ACC should lead to 
increased motivation to successfully complete extended behaviours. This has been 
suggested to be the main driving force of OCD, occurs in SUD in response to drug-related 
cues (Holroyd & Umemoto 2016), and could also be a marker of repetitive behaviours in 
ASD (Thakkar et al. 2008). Second, hypofunctioning of the ACC should result in decreased 
ability to sustain a task, as observed in ADHD. Third, atypical reward input (from the critic) 
to ACC would result in control being devoted to the execution of tasks that are in line with 
particular goals, at the expense of others. This relates to the compulsive behaviour seen in 
OCD, ASD, and SUD, where specific tasks (obtaining drugs or completing rituals) get high 
priority over others. Also, it relates to impulsivity/ADHD symptoms, where individuals 
fail to engage in various tasks due to altered reward signalling. Although TS has been 
associated with ACC dysfunction as well, the link with the HRL-ACC model is less clear and 
may depend on, for example, comorbid ADHD or OCD. Still, the actor node has long been 
considered the main culprit of TS.
Of course, the proposed model is likely an oversimplification. Nevertheless, it may 
complement other theories (for example, the goal-directed versus habitual networks) and 
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may provide a useful heuristic in explaining the similarities in symptom presentation and 
comorbidity across disorders as promoted by the RDoC framework. 
Phenotypic heterogeneity and dimensional analyses
In this thesis we applied both categorical analyses, testing for differences between groups, 
as well as dimensional analyses, making use of continuous measures of impulsivity/ADHD 
symptoms or compulsivity/repetitive behaviour across participants. Categorical systems, 
such as the diagnostic classifications based on the DSM, presume the existence of systematic 
discrete differences between categories in the underlying neurobiological mechanisms. 
In reality, neuropsychiatric research has to deal with overwhelming heterogeneity within 
diagnostic categories, in terms of clinical presentation, but also in terms of the underlying 
mechanisms. On top of that, boundaries between disorders as proposed by the DSM do not 
necessarily mirror boundaries in the underlying biology. High comorbidity rates and overlap 
in clinical profiles point to shared mechanisms between the disorders. As an alternative 
framework to the DSM, the RDoC shifts the emphasis to a cross-disorder dimensional 
approach, aiming to “identify the fundamental behavioural components that may span 
multiple disorders and that are more amenable to neuroscience approaches” (Cuthbert & 
Insel 2013). Employing this approach indeed seemed fruitful in chapter 5 where we identified 
a neural correlate of repetitive behaviour across OCD and ASD, which remained undetected 
using traditional group comparisons. Also in chapter 3, modelling ADHD severity as a 
continuous dimension independent of main diagnostic classification seemed more 
sensitive to detect an effect in the nucleus accumbens than the categorical approach. Still, 
for most psychiatric disorders based on the DSM, it is likely that a hybrid of discrete and 
dimensional causes exists at the neurobiological level, of which some are unique to that 
disorder and some overlap with other disorders or even with healthy variation. As previously 
demonstrated with ADHD, a dimensional structure at the behavioural level does not have 
to imply exclusively dimensional mechanisms at the neurobiological level (Pruim et al. 
under review). In agreement with these authors, I argue not to focus on either categorical 
or dimensional approaches, but to use them in a complementary or integrative fashion. 
Advanced statistical modelling techniques are now arising that combine both approaches 
in a singular statistical analysis that is optimized to disentangle their overlapping and 
distinct contributions (Pruim et al. under review). Although we have not yet incorporated 
these new techniques, our findings already underscore the benefit of using dimensional 
approaches in addition to categorical approaches.
Impulsivity
Different measures throughout this thesis relate to the construct of impulsivity. Trait 
impulsivity, in chapter 2, was measured with the BIS-11 (Patton et al. 1995) self-report 
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questionnaire, which was designed to measure variation in this construct across the 
whole population, including healthy individuals. In chapter 2, we observed that smokers 
scored higher on this measure of impulsivity than non-smokers. Since in this chapter we 
were interested in the neural correlates of SUD/smoking in general, we did not perform 
our core analyses centred around this construct. Rather, the correlation of impulsivity 
with the neural correlate was the result of a post hoc exploration of explanatory factors 
driving the difference between smokers and non-smokers. Other candidates, such 
as craving measures, did not show a relationship. Still, it remains an open question 
whether the enhanced connectivity of the anterior putamen with the insula reflects 
a general impulsivity marker, also present in non-smokers with high impulsivity levels, 
or a specific correlate of smoking. In chapter 3, we used the variable ADHD symptom 
count, which covers impulsivity symptoms but is by definition not a measure normally 
applied to a healthy population. Yet, the sample used in this chapter mostly consisted of 
ADHD-affected individuals. Moreover, because of the shift in longitudinal measures from 
parent-rating to self-rating, combining all the measures (interviews and questionnaires) 
into a symptom count seemed to provide the most comprehensive measure over time.  In 
chapter 4, the focus was on parent ratings of ADHD severity obtained with the Conners’ 
Rating Scale (Conners et al. 1998). As a clinical instrument, this scale might not be ideal to 
capture the hypothesized continuum (Asherson & Trzaskowski 2015) of these behaviours 
from ADHD to healthy variation. Yet, our sample also contained controls with non-zero 
scores and ADHD and TS cases who scored just below the threshold for ADHD diagnosis. 
Of course, the use of different methods to examine impulsivity hinders the comparison 
between studies. Moreover, it is argued that impulsivity is not a unitary construct in itself 
but can be divided in several subdomains (Robbins et al. 2012). This means that the use 
of impulsivity measures in phenotypic characterization across disorders and healthy 
population is an ongoing exploration in parallel to the characterization at the brain 
level. Still, it is interesting to see where findings using different methods converge or 
diverge. For example, including our study of chapter 4, there is converging evidence for 
hypoactivation of the ventral striatum in relation to ADHD symptoms (Plichta & Scheres 
2014; van Hulst et al. 2017). Yet, the opposite relationship was found with impulsivity in 
healthy controls (Plichta & Scheres 2014). This underscores that, even with dimensional 
measures, it is challenging to do justice to the sheer complexity of driving forces behind 
impulsive behaviour. 
Compulsivity
The dimensional construct of compulsivity has been explored less than impulsivity, 
perhaps because compulsive behaviours often seem to fall out of the range of normal 
behaviour (Robbins et al. 2012) and can appear to be qualitatively different. Accordingly, 
most research in this direction had to use questionnaires or interviews designed for 
specific clinical populations. In chapter 5 we used the RBS-R, which was originally 
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developed for and validated in ASD (Lam & Aman 2007), as a measure of compulsivity 
across ASD, OCD, and healthy controls. This scale assesses ASD-like repetitive behaviours 
including preoccupations with certain objects or interest, but it also contains questions 
on OCD-like compulsions such as checking and counting. The correlation we found 
between the RBS-R total score and the CY-BOCS (Scahill et al. 1997) clinical interview for 
OCD provides further support for the extrapolation to OCD. Using the RBS-R, we revealed a 
general pathway were ASD and OCD behaviours may intersect. We argued that a common 
dysfunction in excessive connectivity between the nucleus accumbens (implicated in 
reward and motivation) and premotor cortex (implicated in the implementation of learned 
action patterns) could explain the frequent comorbidity of these behaviours (Lai et al. 
2014; Meier et al. 2015). 
Still, the compulsivity field is faced with the challenge of unifying classifications of 
repetitive/compulsive behaviour and designing instruments for the application across 
disorders and the healthy population. This is not trivial because phenotypic similarity 
does not necessarily imply a shared aetiology and vice versa (Langen et al. 2011). Similar 
to impulsivity, compulsivity in the healthy population can have distinct neural correlates 
from compulsivity in clinical populations. 
A promising attempt has been made to design a questionnaire for cross-disorder use, 
tapping into impulsive and compulsive behaviours, which has been validated in the 
general population (Guo et al. 2017). In accordance with an earlier study that used an 
extensive testing battery (Chamberlain et al. 2018), impulsivity and compulsivity emerged 
as two distinct but positively correlated, latent factors. It would be interesting to see this 
questionnaire applied to future cross-disorder research and to see if our result of chapter 5 
can be replicated using this scale. 
Overall, increasing knowledge of how specific repetitive behaviours are related or distinct, 
both at the behavioural level as the neurobiological level, is complex. Nevertheless, an 
important contribution can be made by comparing different disorders and healthy 
controls using the same methodology and by using a combination of categorical and 
dimensional approaches to disentangle common and distinct patterns.
Methodological considerations
For the interpretation of the findings of this thesis, some methodological strengths and 
weaknesses should be considered. First of all, as most studies using human participants, 
the NeuroIMAGE and COMPULS samples are not ideal. COMPULS is a multicentre study 
and as such the combined sample of children with ASD, OCD, and healthy controls relied 
on the recruitment and testing procedures across four different sites. The recruitment of 
children with OCD, in particular, turned out to be a struggle. For chapter 5, we decided to 
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exclude two sites with low numbers of OCD participants from the analysis because the 
information obtained from those participants would not outweigh the added noise of the 
different testing locations with different scanners. Still, the combined paediatric sample 
consisting of 25 OCD and 24 ASD participants is a valuable addition to the literature, which 
has often reported on even smaller samples. 
For all studies in this thesis holds that efforts were made to balance the samples, either 
already in the recruitment process or by performing matching procedures for analysis. 
Despite these efforts, some imbalances remained. In chapter 4, for example, TS groups 
contained more males and OCD comorbidity and there were few participants with TS 
without comorbid ADHD. Furthermore, due to the observational nature of the studies, the 
COMPULS and NeuroIMAGE samples included participants using various medications as 
well as medication-naïve participants. The power of the studies was too limited to make 
strong claims about the effects of medication or about the underrepresented groups. 
Future studies could be designed to look into that more specifically or could benefit from 
larger sample sizes. Overall, the imbalances in our samples matched those found in the 
general population and controlling for their potential confounding effects did not change 
the interpretations of our results. 
A strength of chapters 3-5 in this thesis is that the focus was on a younger age range 
than most previous research. Findings in adults could be caused by compensatory 
changes from living with the disorder rather than aetiological factors. Alternatively, they 
could reflect a different phase in the developmental trajectory or a different subgroup. 
For example, a late-onset type has been suggested for OCD (Taylor 2011), or adults may 
represent a subgroup whose symptoms are more persistent (as suggested for TS). As such, 
a disorder could have different neural substrates in adults versus children, which could 
explain discrepancies between studies. 
Of course, to disentangle aetiological factors from consequences of a disorder more 
conclusively, longitudinal studies are paramount. The scarcity of such studies is a logical 
result of the cost and complexity associated with them. Moreover, often new questions or 
methodological advancements arise during the course of longitudinal studies that do not 
match the set-up at the start. As such, the longitudinal measures of smoking in chapter 3 
were not ideal. However, this first investigation of longitudinal changes in brain structure 
associated with smoking throughout adolescence and young adulthood turned out to be 
an informative addition to the literature (Akkermans et al. 2017). 
A focus on youth can also bring about challenges. Children have a high tendency to move 
and this is amplified in ‘hyperkinetic’ disorders such as TS and ADHD. In-scanner head 
motion is a major source of noise in (f)MRI analyses and can lead to artefacts and even 
spurious effects (Beckmann & Smith 2004; Power et al. 2012). In chapters 4 and 5 we 
applied an advanced technique to remove motion-related noise from fMRI data, called 
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ICA-AROMA (Pruim et al. 2015b). This ICA-based method appeared to be an improvement 
compared to alternative motion denoising methods (Pruim et al. 2015a). Yet, the effects of 
motion cannot completely be undone and some residual noise may remain. Therefore, we 
additionally conducted sensitivity analyses to ensure that the results of chapters 4 and 5 
were not driven by head motion. 
As already explained in the introduction, seed-based analyses, as conducted in this thesis, 
have some advantages and limitations. When their selection is supported by a solid 
background and clear hypotheses, they can provide a good starting point, yielding results 
that are relatively straightforward to interpret. However, the results are inherently also 
limited by this selection as other regions or networks remain unexplored. Moreover, when 
studying functional connectivity, specific functional connections may be obscured if the 
seed is placed in such a way that it captures a mix of signals from functionally distinct 
subdivisions.  
The most important way the chapters (3,4,5) of this thesis expand upon previous literature 
is the combination of multiple disorders in one study design, which has allowed us to gain 
more insight into the common and distinct neural correlates of these disorders. 
Suggestions for future work
Connectopic mapping
Some promising methods have been developed recently that could ameliorate some of 
the issues raised above. As discussed, seed-based functional connectivity analyses cannot 
adequately accommodate overlapping signals from functionally distinct connections. 
This seems to be a significant problem in the striatum since tracing studies in non-human 
primates have demonstrated that connectivity varies gradually across striatal structures 
and is not marked by sharp boundaries. Moreover, the convergence of many projections 
from widespread cortical areas leads to substantial signal overlap (Marquand et al. 2017). 
The connectopic mapping approach as proposed by Haak et al. (2018) has permitted the 
quantitative estimation of the smoothly-varying and spatially overlapping functional 
topography of the striatum from R-fMRI data (Marquand et al. 2017). The resulting 
topographic maps were highly reproducible on an individual basis and corresponded 
well with theoretical striatal models extrapolated from the animal literature. For 
example, the well-established connections of the putamen and ventral striatum, with 
motor and reward areas respectively, were confirmed. On top of that, the topographic 
maps provided a considerably more refined picture, also demonstrating that striatal 
topography is preserved in cortical regions for which it was previously unknown. Most 
notably, quantified individual variations in the topography of the striatum showed highly 
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significant correlations with behaviour such as delay discounting and sustained attention 
(Marquand et al. 2017).
Accordingly, this technique enables a new way to examine frontostriatal substrates 
potentially underlying the symptom presentations in this thesis. For example, the 
hypotheses of chapter 2, of an altered balance between functional connectivity of the 
anterior (goal-directed) and posterior (habitual) putamen in smokers, could be revisited. 
The ongoing longitudinal study by Luijten et al. or the merged European “Lifebrain” 
cohort (Walhovd et al. 2018) may provide the perfect opportunity to study a potential 
shift in the functional topography of the putamen in smokers and whether this shift 
is a predisposing factor or the consequence of the formation of a smoking habit. In 
addition, the seed-based functional connectivity analyses in the combined ASD and 
OCD sample (chapter 5) could be refined using connectopic mapping and could reveal 
atypical topography in relation to compulsive behaviours. Lastly, following from the ACC 
framework discussed above, the ACC would be a promising region to apply the method 
across the disorders of this thesis.
Advanced statistical modelling
Above I briefly mentioned an advanced statistical modelling technique to combine 
categorical and dimensional approaches in one statistical analysis and disentangle their 
contribution (Pruim et al. under review). In addition to that, colleagues developed an 
innovative method to address the heterogeneity in clinical cohorts and/or the general 
population, namely normative modelling (Marquand et al. 2016). The outcome of a 
traditional case-control comparison describes the average patient relative to the average 
control, where in reality these average cases hardly exist. Within the normative modelling 
framework, the normative model represents the full range of variation in the relationship 
between a brain measure and behaviour across a large sample of healthy volunteers 
or the entire study population (including clinical groups). As such, it is analogous to a 
growth chart mapping the physical development of children with age. Deviance from a 
normative model can be quantified and related back to brain patterns and symptoms. In 
this way, it can be determined whether extreme cases or clusters of cases are associated 
with severe clinical symptoms and whether they exhibit individualized brain patterns 
or shared abnormalities. For any given brain – behaviour association, individuals with 
clinical symptoms could turn out to be at the extreme end of the normal range or 
represent idiosyncratic deviations. Since no a priori categorizations are necessary, this 
approach fits well with the RDoC and holds promise for future applications in cross-
disorder research. 
526354-L-bw-Akkermans
Processed on: 14-11-2018 PDF page: 170
170 Chapter 6
Ideals
As emphasized in the preceding paragraphs, it would be ideal if more longitudinal studies 
are conducted in the future. They are crucial in disentangling cause and consequence, 
and they can additionally reveal different developmental trajectories, such as remittance 
and persistence. Furthermore, for the application of dimensional analyses, it would be 
ideal if the full range of the dimensional measure is covered in a sample. In the context 
of clinical studies, this is often not the case because participants are selected on the 
extreme ends of such a measure to represent the clinical and healthy control group. The 
inclusion of subthreshold cases can ameliorate this issue to some extent. However, the 
most appropriate solution would be to perform population-based studies in which there 
is no preselection on symptoms and which would cover the full range of variation. The 
challenge is that if a disorder is rare, these studies would have to be incredibly large to also 
include enough participants with those disorders. All in all, longitudinal and population-
based samples seem to be highly desired in the field, but they come with such labour and 
cost that they are rarely carried out. 
Clinical implications
Currently, clinical practice is still depending on a behaviourally-defined set of criteria 
formalized in the DSM. Using their professional but subjective observations of behaviour, 
clinicians make diagnostic classifications based on this manual and start corresponding 
treatments. However, the diagnoses do not give information about the causal mechanisms 
involved. Going forward, a better understanding of the aetiology of disorders will generate 
more objective diagnostic criteria and more refined treatment plans. Herein, the aim is also 
to move away from ‘disorders’ as classified by the DSM and towards more personalized 
diagnosis and treatment, where specific (neural) markers predict behavioural symptoms 
and treatment outcomes. The research conducted in this thesis contributes to this aim by 
attempting to identify neural MRI markers underlying a specific symptom domain, cutting 
across the boundaries of primary DSM diagnosis. The findings shed more light on the 
common and distinct neural correlates by combining multiple disorders in one study design.
Key findings and conclusions 
•  Functional connectivity between the anterior putamen and the right insula was 
increased in smokers relative to non-smokers during response inhibition. This might 
relate to the heightened levels of trait impulsivity found in the smokers (chapter 2).
•  Smokers were found to have a thinner frontal cortex compared to non-smokers and 
this was not explained by their ADHD symptoms or other confounds. Furthermore, we 
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observed that even though smokers had more ADHD symptoms overall, their symptom 
count did not appear to follow a different trajectory across the ~3.4-year interval. 
Lastly, the total group of smokers did not display an accelerated rate of frontal cortical 
thinning during this time. However, post hoc analyses suggested speeded thinning in 
novel smokers, who did not differ from non-smokers at baseline. This implies that the 
thinner frontal cortex was a consequence of smoking and not a predisposing factor 
(chapter 3).
•  There was no evidence that TS was related to altered activation during reward 
anticipation or receipt in regions of interest in basal ganglia and thalamus. Yet, ADHD 
severity was tentatively related to hypoactivation of the right nucleus accumbens 
during reward anticipation, an effect which was independent of the presence or 
absence of TS. This supports the notion of nucleus accumbens hypoactivation as a 
dimensional, neurofunctional marker of ADHD symptoms, irrespective of primary 
diagnosis (chapter 4). 
•  Increased resting state functional connectivity between the left nucleus accumbens 
and a cluster in the right premotor cortex/middle frontal gyrus was related to more 
severe symptoms of repetitive behaviour across children with ASD, OCD, and healthy 
controls. Compulsivity across ASD and OCD may thus have a shared neural substrate, 
possibly reflecting aberrant reward/motivational processing of the nucleus accumbens 
with excessive connectivity to the premotor cortex implementing learned action 
patterns (chapter 5).
•  Cross-disorder analyses can uncover novel neural correlates underlying the disorders 
described in this thesis (chapter 5) and increase understanding of the degree to which 
frequently comorbid disorders have common and distinct neural underpinnings 
(chapters 3, 4, 5).  
•  The use of dimensional measures next to case-control comparisons can yield supple-
mentary information (chapters 2, 4, 5).
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De focus van dit proefschrift ligt op de ontwikkelingsstoornissen: ADHD (attention-
deficit/hyperactivity disorder oftewel aandachtstekort hyperactiviteitstoornis), ASS 
(autismespectrumstoornis), OCS (obsessieve-compulsieve stoornis) en TS (syndroom 
van Tourette). Dit zijn stoornissen die vaak samen voorkomen en die overlap laten zien 
in impulsieve en compulsieve gedragingen. Impulsiviteit en compulsiviteit is ook 
zichtbaar in middelengebruik en verslaving, een ander onderwerp van dit proefschrift. 
Er wordt gesteld dat afwijkingen in de frontostriatale hersencircuits een rol spelen bij 
bovengenoemde stoornissen. Dit proefschrift richt zich op het ontrafelen van welke 
afwijkingen bij de verschillende stoornissen te zien zijn en of deze afwijkingen overlappen 
tussen de stoornissen of juist stoornissen van elkaar onderscheiden. 
Ontwikkelingsstoornissen en middelengebruik
Ontwikkelingsstoornissen zijn stoornissen waarbij de eerste symptomen zich mani-
festeren in de kindertijd, een periode waarin aanzienlijke ontwikkelingen plaatsvinden in 
de structuur en het functioneren van de hersenen. Op basis van de symptomen worden 
er verschillende ontwikkelingsstoornissen onderscheiden, waarbij pas van een stoornis 
wordt gesproken als de symptomen zo sterk aanwezig zijn dat ze een belemmering vormen 
voor het dagelijks functioneren. ADHD is een veelvoorkomende ontwikkelingsstoornis die 
gekenmerkt wordt door problemen met aandacht en/of hyperactiviteit en impulsiviteit. 
Een diagnose ASS daarentegen, wordt gegeven op basis van problemen in het domein van 
sociale communicatie en interactie. Ook dienen er problemen te zijn in het domein van 
repetitieve gedragingen, het vasthouden aan routines en rituelen, gefixeerde interesses, en 
abnormale reacties op sensorische prikkels. Met name dit laatste domein van repetitieve 
gedragingen is interessant in vergelijking met de andere stoornissen in dit proefschrift. 
In OCS bijvoorbeeld, kunnen terugkerende, aanhoudende gedachten, beelden, of 
impulsen zorgen voor veel stress. Dit kan ook samengaan met dwanghandelingen: 
compulsieve, repetitieve gedragingen die het individu sterk geneigd voelt uit te voeren 
en vaak niet kan onderdrukken. De dwanghandelingen vormen rituelen die worden 
uitgevoerd naar aanleiding van een obsessie, om deze te neutraliseren, of naar aanleiding 
van regels die strikt gevolgd moeten worden. De stoornis TS wordt gekarakteriseerd 
door de aanwezigheid van plotselinge, snelle, terugkerende, non-ritmische bewegingen 
(motorische tics) of vocalisaties (vocale tics). Deze doelloze repetitieve gedragingen 
kunnen over de tijd variëren in hun vorm en intensiteit. Individuen met TS kunnen tics 
vaak voelen aankomen en kunnen deze soms tijdelijk onderdrukken.
Het gebruik van middelen en verslaving onderscheidt zich van bovenstaande stoor- 
nissen, omdat dit gedrag zich nog niet manifesteert tijdens de kindertijd. Ontwikke- 
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lingsstoornissen zouden echter wel een risico kunnen vormen voor later middelengebruik. 
ADHD is bijvoorbeeld een duidelijke risicofactor voor het beginnen met middelengebruik 
en het ontstaan van een verslaving tijdens de adolescentie en jongvolwassenheid. 
Met name roken komt vaak voor onder mensen met ADHD. De kenmerken van 
een middelengebruik/verslaving zijn deels farmacologisch van aard (tolerantie en 
ontwenningsverschijnselen), maar omvatten ook problemen in het sociaal en/of 
professioneel functioneren, het risico’s nemen ten aanzien van het gebruik en een 
verminderde controle over het gebruik. Samenvattend is het belangrijkste thema 
de sterke neiging om het middel te nemen en het onvermogen om dit gedrag te 
onderdrukken, ondanks negatieve gevolgen. Of andere ontwikkelingsstoornissen naast 
ADHD een risico vormen voor middelengebruik is nog niet duidelijk. OCS laat echter 
wel overlap zien met verslaving in het dwangmatige gedrag dat vertoond wordt en in 
de cognitieve en neurobiologische mechanismen die verondersteld worden een rol te 
spelen. 
Compulsiviteit en impulsiviteit
De hierboven beschreven ontwikkelingsstoornissen en middelengebruik/verslaving 
hebben verschillende definities in het diagnostisch handboek, de ‘DSM’, en worden vaak 
behandeld als aparte categorieën. Ze komen echter vaak samen voor en zijn niet altijd 
zo eenvoudig van elkaar te onderscheiden. Daarom is er steeds meer aandacht voor de 
overlap tussen deze stoornissen. Concepten die relevant zijn in het duiden van deze 
overlap zijn compulsiviteit en impulsiviteit. 
OCS en verslaving worden beiden gekenmerkt door compulsiviteit: een sterke neiging 
om een handeling herhaaldelijk uit te voeren, het uitvoeren van deze handeling op een 
routineuze en stereotype manier, en het onvermogen om dit gedrag te onderdrukken. 
Belangrijk hierbij is dat het gedrag geen adaptieve functie heeft en zelfs negatieve 
gevolgen kan hebben. De beperkte, repetitieve gedragingen, interesses en activiteiten in 
ASS en de tics in TS vertonen sterke parallellen met het gedrag in OCS en kunnen dus ook 
gezien worden als compulsief.
Impulsiviteit is de neiging om snelle, ondoordachte reacties te hebben op externe 
prikkels of interne impulsen, zonder na te denken over de eventuele negatieve gevolgen 
van deze reacties. Verhoogde impulsiviteit is een van de hoofdsymptomen van ADHD, 
maar wordt ook vaak gezien in TS, ASS en OCS. Er wordt verondersteld dat verhoogde 
impulsiviteit een risico vormt voor het ontwikkelen van compulsief middelengebruik. 
Dit is terug te zien in het feit dat mensen met ADHD sterker geneigd zijn om middelen te 
gaan gebruik en verslaafd te raken.
Omdat bepaalde ontwikkelingsstoornissen en middelengebruik vaak samen voorkomen, 
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en/of een overlap vertonen in impulsief en compulsief gedrag, vermoedt men dat er 
overeenkomsten bestaan in de neurobiologische afwijkingen die onderliggend zijn aan 
dit gedrag.
De rol van de frontostriatale hersencircuits
Er zijn veel aanwijzingen dat impulsiviteit en compulsiviteit ontstaan vanuit een disbalans 
binnen of tussen de frontostriatale hersencircuits, wat zorgt voor een verminderde 
controle over gedrag. Er worden drie circuits onderscheiden die samen zorgen voor het 
aanleren van, en het schakelen tussen gedragingen: het limbisch circuit (motivatie voor, 
en beloning van gedrag), het cognitieve circuit (plannen en reguleren van gedrag) en het 
sensorisch-motorisch circuit (aanleren en uitvoeren van gedrag).
Bij zogenaamd MRI-onderzoek worden scans gemaakt van de bouw en het functioneren 
van de hersenen. Structureel MRI-onderzoek, gericht op het detecteren van afwijkingen 
in hersenstructuur heeft gesuggereerd dat OCS gepaard gaat met grotere volumes van 
gebieden in het striatum. Kleinere volumes in het striatum werden juist gezien in ASS 
en ADHD. Studies vonden verder vaak abnormale volumes van de caudate nucleus in 
relatie tot compulsiviteit in verschillende stoornissen, maar deze bevindingen zijn niet 
eenduidig. Er is ook overlap gevonden tussen OCS en TS, namelijk grotere volumes van 
de thalamus. Verder is een kleiner totaal hersenvolume een gemeenschappelijk kenmerk 
van ADHD en TS, terwijl ASS juist wordt gekarakteriseerd door een groter totaal volume. 
Als men specifiek inzoomt op de prefrontale cortex ziet men een afgenomen grijze stof in 
ADHD, TS en ook in OCS en verslaving. Onderzoekers stellen dat een kleiner volume van 
bepaalde prefrontale gebieden een gedeeld kenmerk kan zijn van diverse psychiatrische 
stoornissen waarbij een verminderde cognitieve controle over gedrag een rol speelt. 
Zogenaamde functionele MRI-studies, die zich richtten op het functioneren van de 
frontostriatale circuits tijdens bepaalde taken, vonden ook overlap tussen stoornissen. 
TS en OCS bijvoorbeeld, gingen beide gepaard met verhoogde activiteit in de thalamus, 
een gebied waar ook overlap in structurele afwijkingen werd gevonden. Bij individuen met 
OCS of verslaving, die geconfronteerd werden met cues die respectievelijk symptomen 
uitlokten of gerelateerd waren aan het verslavende middel, werd er verhoogde activiteit 
waargenomen in het striatum. Dit zou een gedeelde gevoeligheid kunnen betekenen voor 
compulsief gedrag. Voor alle genoemde stoornissen geldt dat gebieden in de frontaalkwab, 
met name de anterieure cingulate cortex, afwijkende responsen vertonen tijdens allerlei 
cognitieve taken. Dit zou weer in verband kunnen staan met de afgenomen cognitieve 
controle en karakteristiek kunnen zijn voor impulsiviteit en compulsiviteit. Een laatste 
gebied van mogelijke overlap tussen de verschillende stoornissen is het ventrale striatum, 
het beloningscentrum van de hersenen. Het vooruitzicht op een mogelijke beloning in de 
vorm van geld brengt normaal een sterke respons teweeg in dit gebied. Deze respons is 
526354-L-bw-Akkermans
Processed on: 14-11-2018 PDF page: 182
182 
echter doorgaans minder zichtbaar in individuen met ADHD, ASS, OCS of een verslaving 
(in TS is dit nog niet onderzocht). Dit zou kunnen wijzen op gedeelde afwijkingen in de 
verwerking van beloningssignalen. 
Samenvattend zijn er dus talrijke aanwijzingen vanuit structureel en functioneel MRI-
onderzoek die suggereren dat frontostriatale gebieden een rol spelen in ADHD, ASS, OCS, 
TS en verslaving. Dit is ook bevestigd met MRI-onderzoek naar de communicatie tussen 
hersengebieden tijdens rust.
Doel van het onderzoek
In dit proefschrift wordt voortgebouwd op de hierboven beschreven bevindingen en 
getracht bepaalde gaten in de deze literatuur te dichten. Dit met als doel meer inzicht 
te krijgen in de overeenkomsten en verschillen in de frontostriatale neurobiologische 
afwijkingen die betrokken zijn bij ontwikkelingsstoornissen en middelengebruik, en met 
name bij het impulsieve en compulsieve gedrag dat kenmerkend is voor deze condities. 
Het doel van de eerste twee empirische hoofstukken (2 en 3) was om de frontostriatale 
neurale correlaten van middelengebruik (roken) in kaart te brengen, alsmede de relaties 
met impulsiviteit en ADHD. In de daaropvolgende twee hoofdstukken was het doel om 
de frontostriatale correlaten van nauw verwante ontwikkelingsstoornissen direct met 
elkaar te vergelijken (ADHD en TS in hoofdstuk 4; ASS en OCS in hoofdstuk 5), hierbij 
gebruikmakende van dezelfde procedures. Deze aanpak is anders dan in de meeste studies 
die tot nu toe gepubliceerd zijn. Meestal werd er per studie één stoornis vergeleken met 
gezonde controles. Onze aanpak stelt ons in staat om gedeelde en unieke correlaten van de 
stoornissen directer te onderscheiden, zonder dat de interpretatie gehinderd wordt door 
methodologische verschillen. Bovendien hadden we in onze onderzoeken extra aandacht 
voor de constructen impulsiviteit en compulsiviteit. Het bestuderen van impulsiviteit 
en compulsiviteit over alle stoornissen heen zou nieuwe gedeelde neurobiologische 
afwijkingen kunnen onthullen die met de klassieke vergelijkingen tussen diagnostische 
groepen niet gedetecteerd zouden kunnen worden.
Samenvatting per hoofdstuk
In hoofdstuk 2 trachtten we meer inzicht te krijgen in middelengebruik/verslaving door 
bij rokers en niet-rokers te bestuderen hoe de communicatie van het anterieure (voorste) 
en posterieure (achterste) deel van de putamen met andere hersengebieden verloopt. De 
putamen is een deel van het striatum en lijkt een belangrijke rol te spelen bij verslaving en 
bij het kunnen onderdrukken van gedrag. In dit onderzoek analyseerden wij functionele 
MRI-data van een ‘Go-Nogo’ respons inhibitie taak.
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De posterieure putamen wordt verondersteld meer betrokken te zijn bij routinematige/
automatische handelingen. We verwachtten dat tijdens het routinematig reageren op 
de Go cues in de taak, rokers sterkere communicatie (functionele connectiviteit) zouden 
vertonen dan niet-rokers tussen dit gebied en sensomotorische gebieden. Deze sterkere 
communicatie van het posterieure netwerk zou kunnen verklaren waarom deze rokers 
gevoelig zijn gebleken voor het ontwikkelen van een gewoonte. We konden echter geen 
ondersteuning vinden voor deze voorspelling in onze resultaten. 
Naast het bestuderen van de routinematige reacties op Go cues keken we naar het 
stoppen van deze reacties tijdens de NoGo cues. Van de anterieure putamen verwachtten 
we dat de communicatie daarvan met meer frontale ‘controle’ gebieden, zoals de 
anterieure cingulate cortex, in rokers verzwakt zou zijn vergeleken met niet-rokers. Dit 
zou onderliggend kunnen zijn aan hun problemen met het stoppen van gedrag (het 
roken). Ook dit zagen we niet terug in de data. We zagen echter wel dat rokers sterkere 
communicatie hadden tussen de anterieure putamen en de insula, wat in verband leek 
te staan met hun impulsiviteit. Impulsiviteit kan ervoor zorgen dat individuen eerder 
geneigd zijn middelen te gaan gebruiken of om van dit gebruik een gewoonte te maken. 
De resultaten wijzen erop dat interacties tussen de putamen en insula een rol spelen 
kunnen spelen bij roken, verslaving en het controleren van impulsen.
In hoofdstuk 3 onderzochten we verder hoe roken gerelateerd is aan de frontale ‘controle’ 
systemen. Specifieker was het doel het ontrafelen van de causale relaties tussen 
afwijkingen in de frontale grijze stof, roken en ADHD. Afwijkingen in frontale grijze stof 
kunnen een gedeelde risicofactor zijn in individuen met ADHD en rokers, en kunnen een 
afspiegeling zijn van verstoorde cognitieve controle in deze groepen. Aan de andere kant 
kunnen verschillen in de frontale grijze stof een gevolg zijn van de blootstelling van het 
brein aan de stoffen in tabak. Met structurele MRI bekeken we de dikte van de frontale 
cortex in rokers en niet-rokers met en zonder ADHD op twee tijdspunten tijdens de 
adolescentie en jongvolwassenheid. Overeenkomend met eerder bewijs hadden rokers 
over het algemeen een dunnere frontale cortex dan niet rokers. Dit lag niet aan het feit 
dat rokers meer ADHD-symptomen hadden. Gedurende de 3,4 jaar tussen de meetpunten 
namen ADHD-symptomen gemiddeld genomen af. Er was hierin geen verschil te zien 
tussen rokers en niet-rokers. De hele groep rokers vertoonde ook geen versnelde afname 
van de frontale corticale dikte. Uit het verder bestuderen van de data bleek echter dat 
rokers die nog niet rookten tijdens de eerste MRI-scan, toen ook nog geen detecteerbare 
afwijkingen hadden. De tweede scan liet echter zien dat bij deze ‘nieuwe rokers’, die tijdens 
het onderzoek waren begonnen met roken, de corticale dikte versneld was afgenomen ten 
opzichte van de andere groepen. De resultaten suggereren dat de dunnere frontale cortex 
van rokers een gevolg kan zijn van de blootstelling aan tabak en geen risicofactor die al 
voor blootstelling aanwezig was.  
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In hoofdstuk 4 zoomden we in op TS en ADHD, stoornissen die vaak samen voorkomen, 
en bestudeerden we overeenkomsten en verschillen in het striatum, de globus 
pallidus en thalamus tijdens de verwerking van beloningsinformatie. Verstoring in 
de beloningsnetwerken lijkt een belangrijk kenmerk van ADHD, met name verlaagde 
activiteit in de nucleus accumbens tijdens de anticipatie van het mogelijk winnen van 
geld. Dit is vaak gevonden in adolescenten en volwassenen met ADHD, maar is nog niet 
veel onderzocht in kinderen. Bovendien is het niet duidelijk of dit kenmerk ook aanwezig 
is in individuen met TS die bijkomstige ADHD-symptomen hebben. Het beloningssysteem 
is sowieso nog niet vaak onderzocht in TS, zeker niet met functionele MRI. Op basis van de 
aanwijzingen tot nu toe, wordt wel gesteld dat TS wellicht gepaard gaat met afwijkende 
reacties op ontvangst van een beloning in het dorsale striatum (caudate en putamen). 
Ook zijn de globus pallidus en thalamus gebieden die vaak atypische responsen vertonen 
in TS. In onze studie hebben we met functionele MRI reacties van alle bovengenoemde 
gebieden bestudeerd tijdens de anticipatie en de ontvangst van een beloning. We 
gebruikten hiervoor data van kinderen van 8 tot 12 jaar die we verdeelden in de groepen: 
TS zonder ADHD, TS met ADHD, ADHD, en gezonde controles. Er werden geen verschillen 
tussen de bovenstaande groepen of verbanden met TS gevonden in de reacties van de 
hersengebieden. Met een meer dimensionele analyse (zonder onderverdeling in groepen) 
vonden we wel dat ernstigere ADHD-symptomen gepaard gingen met verlaagde activiteit 
in de rechter nucleus accumbens tijdens de anticipatie van een geldbeloning. Voor dit 
effect maakte het niet uit of er ook sprake was van TS. Dit resultaat suggereert samen 
met de literatuur dat verlaagde activiteit van de nucleus accumbens een dimensioneel 
kenmerk is van ADHD-symptomen, ook als de hoofdiagnose een andere is dan ADHD (in 
dit geval TS). 
In hoofdstuk 5 vergeleken we ASS en OCS met elkaar, ontwikkelingsstoornissen die 
substantiële overlap vertonen in de manifestatie van compulsief gedrag. Door middel 
van MRI-scans tijdens rust (de deelnemers voerden geen taken uit) onderzochten we de 
communicatie van striatale gebieden met gebieden in de frontaalkwab. We vergeleken 
deze communicatie (functionele connectiviteit) tussen jeugd met OCS, jeugd met ASS, 
en gezonde controles, maar vonden geen verschillen tussen deze groepen. We pasten 
echter ook een dimensionele analyse toe over alle deelnemers heen (zonder grenzen 
tussen diagnostische groepen) waarbij we keken of er bepaalde communicatie plaatsvond 
die in verband stond met de gerapporteerde symptomen van compulsiviteit/repetitief 
gedrag. Dit bleek het geval, ernstiger repetitief gedrag ging gepaard met verhoogde 
communicatie tussen de linker nucleus accumbens en een gebied in de premotorische 
cortex/midden frontale gyrus. Dit wijst erop dat bij compulsiviteit/repetitief gedrag in 
OCS en ASS wellicht een gemeenschappelijke neurobiologisch mechanisme betrokken is. 
Afgaande op de literatuur zou dit mechanisme te maken kunnen hebben met verstoorde 
belonings- en motivatieprocessen van de nucleus accumbens die vervolgens een te 
intensieve communicatie vertoont met de premotor cortex, die betrokken is bij de uitvoer 
van geleerde gedragspatronen. 
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Klinische implicaties
Op dit moment is de klinische praktijk nog afhankelijk van diagnostische classificaties 
op basis van gedrag, volgens de criteria in het handboek de ‘DSM’. Clinici gebruiken hun 
professionele maar subjectieve observaties om een diagnoses uit dit handboek toe te 
passen en bijbehorende behandelingen te starten.
Echter, deze diagnoses geven geen informatie over de onderliggende neurobiologische 
mechanismen die bijdragen aan de symptomen. Bovendien doen ze geen recht aan de 
grote verscheidenheid aan klinische profielen die in de praktijk de revue passeren. Hierbij 
kunnen twee patiënten met dezelfde diagnose toch heel verschillende symptomen 
hebben of hebben patiënten met heel vergelijkbare symptomen een andere diagnose. 
In de toekomst zal een beter begrip van het ontstaan van stoornissen hopelijk leiden 
tot objectievere diagnostische criteria en meer verfijnde behandelingen. Hierbij is ook 
het streven om van de klassieke ‘stoornissen’ zoals geformuleerd in de DSM over te 
gaan op meer gepersonaliseerde diagnose en behandeling. Mogelijk kunnen specifieke 
kenmerken van hersenfunctie of structuur een betere en objectievere duiding geven 
van gedragssymptomen en voorspellen welke behandeling aanslaat. Het onderzoek 
opgenomen in dit proefschrift draagt bij aan bovenstaande doelen door het verder in kaart 
brengen van de neurale correlaten die gepaard gaan met bepaalde stoornissen (ADHD, 
ASS, OCS en middelengebruik/verslaving) en symptomen (bijvoorbeeld impulsiviteit, 
ADHD-symptomen en compulsiviteit/repetitief gedrag). Hierbij hebben we, naast 
analyses met de klassieke diagnostische classificaties, dimensionele analyses toegepast 
die deze categorieën loslaten. Door het combineren van verschillende stoornissen in één 
onderzoek werpen de bevindingen in dit proefschrift meer licht op de neurale kenmerken 
die overlappen tussen stoornissen en de kenmerken die deze juist onderscheiden. 
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Apparently, the main aim of doing a PhD is becoming an ‘independent’ researcher. Yet, 
here I would like to take the opportunity to celebrate being a ‘dependent’ researcher. Doing 
all this research and surviving the PhD trajectory would not have been possible without 
the work, support, inspiration and distraction provided by a large number of wonderful 
people. Because of this large number, I have narrowed down the name-listing a bit, but 
please feel that my appreciation extends to all those CNS-ers, DCCN-ers and others with 
whom I have had positive interactions during my years as a PhD-student.
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steeds niet hoe je het allemaal voor elkaar krijgt. Je overziet talloze grote projecten, bent 
op de hoogte van een breed scala aan onderzoek, reist de hele wereld over, verslindt 
romans en verslaat ook nog veel jongere collega’s in een hardloopwedstrijd (heb ik van 
horen zeggen). Achteraf gezien had ik dat actieve en scherpe brein van je meer moeten 
benutten; misschien kun je alsnog een paar wijsheden met me delen? Ik wil je in ieder 
geval bedanken dat je ondanks je drukke schema altijd tijd voor me wist vrij te maken en 
dat ik nooit lang op feedback hoefde te wachten. Bedankt ook dat je me de ruimte en het 
vertrouwen hebt gegeven om het traject op mijn manier af te ronden. 
Mijn copromotor Daan. Onze gezamenlijke voorliefde voor cynische humor, rare anek-
dotes en biertjes droeg bij aan genoeg gezelligheid binnen en buiten werktijd. Op de 
juiste punten was je echter mijn tegenpool. Wanneer ik weer even dreigde te verzanden 
in kritiek op mijn eigen werk of op het hele onderzoeksveld, kon jij daar met jouw 
zorgeloze en pragmatische houding een tegenwicht aan bieden. Verder vervulde je jouw 
voorbeeldfunctie met verve en was er aan goede en minder goede adviezen geen gebrek ☺. 
Bedankt voor je oprechte betrokkenheid bij mijn ontwikkeling en dat ik als je bijna enige 
PhD-student een ongelimiteerd (leek het) beslag mocht leggen op je tijd en aandacht. Op 
zo’n supervisor zouden andere studenten best jaloers mogen zijn.
Alle dames van de NeuroIMAGE en COMPULS test teams: Jill, Marianne, Saskia, 
Shahrzad, Natalie, Nicole, Leonie; en collega team EU-AIMS: Ineke, Maartje, Yvette, 
Annika. Ik kijk met enorme trots terug op wat we allemaal voor elkaar gekregen hebben 
samen. Bedankt voor jullie steun, inzet, feedback, klaagmuurfunctie en bovenal 
gezelligheid tijdens de intensieve dataverzameling en daarna. Ik heb de testdagen 
nog gemist! Ook wil ik alle studentassistenten, stagiaires (in het bijzonder Nicole) en 
natuurlijk alle deelnemers bedanken zonder wie het niet mogelijk was deze uitdagende 
projecten uit te voeren. 
CNS lunch buddies: Karlijn, Anna, Thom, Carsten. Jullie zijn vanaf het begin met mij 
meegereisd, figuurlijk, maar ook letterlijk met de verhuizing naar het Trigon. Tijdens mijn 
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PhD vonden er veel veranderingen plaats, maar bleven jullie het vertrouwde baken waar ik 
tijdens de lunch terecht kon voor scherpe discussies, vieze en maffe gesprekken. Bedankt 
voor de gezelligheid! 
Donders Teaching Kit Team. Next to the more fundamental and ‘boring’ PhD stuff, it 
was refreshing to engage with you in brainstorming, designing and creating materials to 
provide children with neuroscience based knowledge and tools to optimize their cognitive 
skills. I am proud of what we have accomplished so far and I hope the project gets the fuel 
it needs to reach even further. Thanks for the pleasant collaboration.
The members of the ChristJan, Pokepasta, Paradise City Nijmegen, LETS GO WILD 
TONIGHT etc. apps. You know who I’m talking about. Thanks for all the fun, drama, gossip, 
the drinks, dinners and especially an unforgettable summer of ’17. I’m dedicating this one 
to Snorlax and Snorella.
My travel companions: Jill, Marianne, Roselyne, Izabela, Natalie, Daan, Christienne, 
Daniel, Guilherme, João. We have travelled close and far, for conferences or just for 
pleasure. We have shared bathrooms, beds, washing machines (Daaaan!), an illegal Airbnb, 
weird food (heart saté), travel frustration (Portuguese rain, fish bites, crazy boat rides) and 
a lot of fun (heeew-haaaaw… more crazy boat rides). Each time I have thoroughly enjoyed 
your company and I treasure the many amazing pictures and memories. Thank you. 
Paranimf Karlijn. Vanaf de introductiedag tot en met de banenzoektocht zaten we in 
hetzelfde schuitje en het was fijn om dat met jou te kunnen delen. Bedankt dat ik bij jou 
altijd een luisterend oor vond en geen rol hoefde te spelen (al kon dat wel    ). Paranymph 
Iza(blabla). We tried to comfort each other a lot to get through the stressful parts of doing 
a PhD, we even learned massage therapy! Yet, hearing your voice from down the corridor 
was the most comforting of all. Thanks for always being there.
I would like to thank all colleagues and collaborators from the TACTICS consortium and 
WIP-meeting for all their inspirational input, support, feedback and nice meetings or 
meet-ups, especially the ones in bars, restaurants, swimming pools, and exotic places like 
Salzburg     . 
Thanks to the committee members for taking the time to thoroughly read and question 
my manuscript and to my co-authors for their help and constructive comments. A special 
thanks to Maartje, who moved with me from the EUR to the RU, for providing data, 
inspiration and extensive feedback on my first paper.
And last but not least of the ‘work side’, I would like to thank all my current and past 
officemates and support staff of the DCCN and CNS for the invaluable contribution to my 
overall pleasant stay at the Donders; this also includes Betty & Mora with their tasty brain 
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fuel. And Office-boys Mats, Mitch and Tim, thanks for letting me finish the PhD without 
getting shot    .
And now over to the ‘private side’… En dan nu over naar het privéleven… 
Ook al loopt in het echt toch alles door elkaar net zoals in het brein. 
Psychobio meiden: Lisette, Jet en Kim. Jullie waren al een hechte club van 3, maar toch 
lieten jullie mij toe in jullie midden. Ik denk terug aan de Master als een hele leuke tijd 
en ik ben blij dat we ondanks de verschillende richtingen die we opgingen altijd contact 
zijn blijven houden. Ik hoop dat dat mag voortduren want ik zou jullie stuk voor stuk 
eigenzinnige karakters, openhartigheid, adviezen en vooral gezelligheid niet willen 
missen. Bedankt voor alle etentjes, uitstapjes en dat ik altijd op jullie kan rekenen.
Lizzy, Yi Kie, Niels & Roeska en Veerle. Bedankt voor de welkome afleiding in de vorm van 
spelletjes, escaperooms, koffietjes en goede gesprekken al sinds de middelbare school en 
Master (respectievelijk). Ook al is het nu minder frequent, ik hoop dat we elkaar blijven 
zien om herinneringen op te halen aan onze jongere jaren, maar ook zodat ik kan zien hoe 
het ‘doen alsof we volwassen zijn’ jullie vergaat.
Jason. We crossed the sea many times to see each other and finally you crossed it to build 
a life here together. That was a courageous move. Even though it did not end up being 
‘forever’, I still cherish the time we spent. Thank you for being by my side during the lion’s 
share of my PhD and enriching my life with your British humor and creativity.
Luc, pa en ma. Zoals een saaie (want drama-loze) maar bovenal fijne familie betaamt, 
toonden jullie een onvoorwaardelijk geloof in mijn kunnen. Bedankt dat jullie er waren 
om de hoogtepunten van deze lange reis met me te vieren en om me te steunen in de 
dieptepunten. Niemand is perfect, zelfs niet in zo’n modelfamilie, maar ik heb enorm veel 
bewondering voor hoe jullie uitdagingen zijn aangegaan en wat jullie allemaal bereikt 
hebben. Ik heb daar altijd geprobeerd een voorbeeld aan te nemen en dat zet ik graag voort 
op de weg die nog voor me ligt.
João. I know others are grossed out by our gooeyness, but I don’t care. Of course love 
has to grow, but I remember being struck by your charm when I first met you (I cannot 
remember if you were wearing your signature green trousers or not   ). I took a leap of 
faith and felt so lucky you liked me back. And I still feel lucky today. Thank you for your 
tremendous support.
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on. After obtaining her Master’s degree in 2012, she worked on a research project at the 
Erasmus University in Rotterdam, performing functional connectivity analyses on fMRI 
data comparing smokers and non-smokers. In October 2013, she found a PhD position 
at the department of Cognitive Neuroscience at the Radboud university medical center 
Nijmegen and the Donders Centre for Cognitive Neuroimaging. Her PhD project under the 
supervision of Dr. Daan van Rooij and Prof. Jan Buitelaar aimed to increase insight in the 
role of the frontostriatal circuitry in substance use and in several neurodevelopmental 
disorders characterized by impulsive and/or compulsive behaviour. During the first 
two years of the PHD trajectory she took part in the coordination and execution of the 
challenging data collection for the NeuroIMAGE II follow-up study and the COMPULS 
multicentre study. The subsequent years were spent on analysing the data and writing. 
The results of these efforts are presented in this thesis and were also presented at 
international conferences, including a poster presentation at the ECNP Congress 2016 in 
Vienna, for which she won an abstract award. Next to her research, Sophie was involved 
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Donders Graduate School for Cognitive Neuroscience
For a successful research Institute, it is vital to train the next generation of young 
scientists. To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour 
established the Donders Graduate School for Cognitive Neuroscience (DGCN), which was 
officially recognised as a national graduate school in 2009. The Graduate School covers 
training at both Master’s and PhD level and provides an excellent educational context fully 
aligned with the research programme of the Donders Institute.
The school successfully attracts highly talented national and international students in 
biology, physics, psycholinguistics, psychology, behavioral science, medicine and related 
disciplines. Selective admission and assessment centers guarantee the enrolment of the 
best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni 
show a continuation in academia with postdoc positions at top institutes worldwide, 
e.g. Stanford University, University of Oxford, University of Cambridge, UCL London, MPI 
Leipzig, Hanyang University in South Korea, NTNU Norway, University of Illinois, North 
Western University, Northeastern University in Boston, ETH Zürich, University of Vienna 
etc. Positions outside academia spread among the following sectors: specialists in a 
medical environment, mainly in genetics, geriatrics, psychiatry and neurology. Specialists 
in a psychological environment, e.g. as specialist in neuropsychology, psychological 
diagnostics or therapy. Positions in higher education as coordinators or lecturers. A 
smaller percentage enters business as research consultants, analysts or head of research 
and development. Fewer graduates stay in a research environment as lab coordinators, 
technical support or policy advisors. Upcoming possibilities are positions in the IT sector 
and management position in pharmaceutical industry. In general, the PhDs graduates 
almost invariably continue with high-quality positions that play an important role in our 
knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/
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